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ABSTRACT

Author: Gwin, Jess A. Ph.D.
Institution: Purdue University
Degree Received: May 2018
Title: The Effects of Increased Protein at Breakfast and Across the Day on Appetite Control &
Satiety, Food Intake, and Sleep.
Committee Chair: Heather Leidy

The movement to adopt healthful lifestyle practices to reduce the prevalence of obesity
and associated chronic diseases has garnered global interest [1]. As such, the desire to consume
more protein-rich foods is a commonly used strategy due to the documented improvements in
weight management observed with higher-protein (HP) diets, ranging from 1.2-1.6 g protein•kg
body weight-1•d-1[2-6]. One postulated mechanism through which HP diets elicit greater weight
(and fat) losses includes the improvements in ingestive behavior which appear to be mediated by
a number of satiety-stimulating, physiological and/or hedonic pathways, and lead to reductions in
daily food intake [3].
The main objectives of this dissertation were to: 1) Test whether the consumption of
higher-protein (HP) compared with normal-protein (NP) meals consumed at each eating occasion
reduces free-living, daily carbohydrate and fat intakes in overweight women during energy
balance conditions and whether the distribution of protein consumed throughout the day affects
food intake outcomes. 2) Test whether the consumption of a HP energy-restriction diet reduces
carbohydrate and fat intakes through improvements in daily appetite, satiety, and food cravings
compared with NP versions and to test whether protein type within the NP diets alters proteinrelated satiety. 3) Test whether the consumption of breakfast vs. breakfast skipping improves
subjective and hormonal markers of appetite, satiety, and sleep in combination with ad libitum
food intake in young adults prone to subclinical sleep disturbances.
This dissertation is organized into chapters which consist of published manuscripts or
manuscripts formatted for submission to peer-reviewed journals. Details pertaining to the status
of each manuscript are included at the beginning of each chapter. Chapter 2 includes a
comprehensive review of the intervention-based evidence surrounding the consumption of
breakfast vs. breakfast skipping with specific emphasis on appetite control and satiety, energy
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expenditure, and sleep and circadian health. Chapter 3 includes a randomized cross-over trial
which examines the effects of increased dietary protein intake across the day on free-living ad
libitum food intake in overweight women during weight maintenance conditions. As a
secondary outcome, the effects of protein distribution across the day were tested. Chapter 4
includes a randomized cross-over trial which examines the effects of consuming a HP energyrestriction diet vs. NP energy-restriction diet on appetite control, food cravings, and free-living
ad libitum food intake in overweight women. Secondary assessments examining whether protein
type within the NP diets alters protein-related satiety were also included. Chapter 5 includes a
randomized cross-over trial examines whether breakfast consumption compared to breakfast
skipping improves subjective and hormonal markers of appetite, satiety, and sleep in young
adults. Finally, Chapter 6 summarizes the main dissertation findings and presents future
directions for research.
Collectively, the findings from this dissertation demonstrated the following: 1) Providing
30 g protein/meal at each eating occasion throughout the day did not influence free-living, daily
intake of highly palatable, carbohydrate and fat-rich foods in overweight women; 2) While
appetite control, satiety, and food cravings were improved following a higher-protein, energyrestriction diet, increased protein consumption did not reduce free-living carbohydrate and fat
intake throughout the free-living test day in overweight, healthy women exposed to highly
palatable foods; and 3) the daily consumption of breakfast improved appetite control and diet
quality, through reductions in unhealthy evening snacking, and may support improvements in
some aspects of sleep health in healthy young professionals. These findings provide evidence
which suggests that the inclusion of increased dietary protein at breakfast and across the day are
dietary strategies for improving some aspects of appetite control. Notably, not all findings
demonstrated consistent support of appetite control. Thus, this work highlights that the
effectiveness of including dietary protein to support appetite control and improved eating
behavior as contributing factors underlying weight management is contingent upon various
physiological and behavioral circumstances.

1

CHAPTER 1. INTRODUCTION

1.1 Dissertation Rationale
The movement to adopt healthful lifestyle practices to reduce the prevalence of obesity
and associated chronic diseases has garnered global interest [1]. As such, the desire to consume
more protein-rich foods is a commonly used strategy due to the documented improvements in
weight management observed with higher-protein (HP) diets, ranging from 1.2-1.6 g protein•kg
body weight-1•d-1[2-6]. One postulated mechanism through which HP diets elicit greater weight
(and fat) losses includes the improvements in ingestive behavior which appear to be mediated by
a number of satiety-stimulating, physiological and/or hedonic pathways, and lead to reductions in
daily food intake [3].
A myriad of acute, randomized crossover studies [3, 7] have been completed to examine
the effects of HP vs. NP meals on satiety, defined as the inhibition of further eating together with
the continued suppression of hunger and increased fullness that occurs once eating has ceased.
The majority of studies demonstrate postprandial increases in satiety, through increased
postprandial fullness and increased postprandial satiety-stimulating PYY and GLP-1 responses,
following the consumption of HP vs. NP meals [3, 7]. However, despite the consistent satiety
effects, <20% of these studies report reductions in energy intake at the next eating occasion
following the HP vs. NP meals [3]. Thus, it is possible that satiety is not the primary regulator
for how much food is consumed in an eating occasion. However, it is also possible that
assessing subsequent food intake during a single ad libitum homogeneous test meal or assorted
buffet within a laboratory setting is not an ideal design given the lack of generalizability to the
habitual consumption of meals across the day in a free-living environment [8]. Limited data
exist with respect to whether increased protein consumption at each eating occasion reduces
ad libitum food intake at each eating occasion across the day.
Another gap in the literature pertains to whether energy status impacts the protein-related
satiety effects. While the acute studies assessing satiety are primarily performed during energy
balance conditions [9-15], the majority of long-term trials include energy restriction but do not
include satiety measures [3]. Energy restriction, weight loss diets (in general) are often
accompanied by elevated hunger and blunted satiety which significantly reduce adherence and
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sustainability, contributing to overeating and weight regain (or a plateau for weight loss) [16].
Thus, it is possible, albeit untested, that increased protein consumption during energy
restriction counteracts the elevated hunger and can improve satiety to achieve increased
dietary compliance during energy restriction.
Another factor that appears to influence protein-related satiety is the timing of protein
consumption. Previous results from our lab has demonstrated greater satiety when protein was
consumed at breakfast compared to other eating occasions[17]. This approach has challenges
given that most breakfasts consumed in the U.S. are lower in protein, containing between 10-15
g protein[18]. In addition, there is an increasing prevalence of skipping breakfast altogether with
as many as 60% of young adults skipping breakfast 3-4 times/week [19-21]. Given that the
dietary habit of skipping breakfast has been linked to obesity, type 2 diabetes, and other
unhealthy behaviors [22], it is critical to examine the potentially beneficial effects of protein
consumption at breakfast for future dietary recommendations.
Our initial work has centered around the role of HP breakfasts to aid in the prevention
and/or treatment of obesity-related health outcomes by promoting appetite control, satiety, and
weight management. The consumption of HP breakfasts increase satiety (through increased
fullness and satiety-hormone PYY concentrations); reduce food cravings (through reductions in
fMRI-based cortico-limbic brain activation in regions controlling food cravings); and reduce
unhealthy evening snacking vs. breakfast skipping or consuming NP breakfasts [11, 23-25].
Further, HP breakfasts reduce daily food intake and prevent body fat gains over the longer-term
[26]. These results support the daily consumption of HP breakfasts for the prevention and/or
treatment of overweight and obesity in young people. However, due to the unique timing of the
breakfast meal in relation to our peripheral and central ‘clocks’, further assessment of whether
breakfast influences circadian rhythms and sleep/wake cycles is warranted.
There is increasing interest in the interactions between dietary patterns, ingestive
behavior, and sleep quality and their impact on the progression of obesity. The prevalence of
poor sleep health has steadily increased over the past 30 years with as many as 40% of adults
experiencing reduced sleep duration, poor sleep quality, or sleepiness during the day [27-29].
Poor sleep habits negatively influence the physiological and hedonic mechanisms regulating
metabolism, including decrements in daily glycemic control [30], and eating behavior –
contributing to overeating, weight gain, and obesity [28, 29, 31]. Specifically, daily hunger [32-

3
36], hunger-stimulating ghrelin concentrations [32, 33, 36-38], food cravings [37, 39], and the
desire to overeat [32, 36, 38, 40] are increased in adults with poor sleep vs. those with healthy
sleep patterns, whereas fullness and PYY concentrations are blunted with poor sleep [41]. These
responses are accompanied by increases in daily food intake, primarily as evening snacking [32,
36, 38, 42, 43], and a shift towards unhealthy eating practices that include skipping breakfast
[44-47]. One potential target for promoting better sleep patterns includes the timing of food
intake since unusual eating practices, including breakfast skipping, disrupts the behavioral
patterning related to sleep-wake cycles and peripheral circadian ‘clocks’, leading to metabolic
dysfunction and impaired food intake regulation [48]. However, no studies have examined
whether nutrition interventions, like breakfast consumption, play a role in re-establishing
healthy sleep-patterns.
1.2 Dissertation Objectives
The main objectives of this dissertation are to:
•

Test whether the consumption of higher-protein (HP) compared with normal-protein (NP)
meals consumed at each eating occasion reduces free-living, daily carbohydrate and fat
intakes in overweight women during energy balance conditions and whether the
distribution of protein consumed throughout the day affects food intake outcomes.

•

Test whether the consumption of an HP energy-restriction diet reduces carbohydrate and
fat intakes through improvements in daily appetite, satiety, and food cravings compared
with NP versions and to test whether protein type within the NP diets alters proteinrelated satiety.

•

Test whether the consumption of breakfast vs. breakfast skipping improves subjective
and hormonal markers of appetite, satiety, and sleep in combination with ad libitum food
intake in young adults prone to subclinical sleep disturbances.
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1.3 Organization of Dissertation
This dissertation is organized into chapters which consist of published manuscripts or
manuscripts formatted for submission to peer-reviewed journals. Details pertaining to the status
of each manuscript are included at the beginning of each chapter.
Chapter 2 consists of a comprehensive review of the intervention-based evidence surrounding the
consumption of breakfast compared to breakfast skipping with emphasis on appetite control and
satiety, energy expenditure, and sleep and circadian health. This chapter serves to examine and
discuss the current state of the literature while providing background for the subsequent chapters.
Chapter 3 examines the effects of increased dietary protein intake across the day on free-living
ad libitum food intake in overweight women during weight maintenance conditions. As a
secondary outcome, the effects of protein distribution across the day were tested.
Chapter 4 examines the effects of consuming a HP energy-restriction diet vs. NP energyrestriction diet on appetite control, food cravings, and free-living ad libitum food intake in
overweight women. Secondary assessments examining whether protein type within the NP diets
alters protein-related satiety were also included.
Chapter 5 examines whether breakfast consumption compared to breakfast skipping improves
subjective and hormonal markers of appetite, satiety, and sleep in young adults.
Chapter 6 summarizes the main dissertation findings and presents future directions for research.
1.4 Dissertation Aims and Hypotheses
Chapter 3:
Specific Aim 1: To examine the effects of a higher-protein diet on food intake compared
to a standard-protein diet in overweight women during weight maintenance.
Hypothesis 1a: The consumption of a higher-protein diet will lead to reductions
in hunger and food cravings throughout the day, increases in satiety throughout
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the day, and voluntary reductions in daily intake. Approach: Assessments of food
intake during an ad libitum free-living testing day will be conducted.

Specific Aim 2: To examine the effects of a higher-protein diet evenly distributed across
the day on food intake compared to a higher-protein diet unevenly distributed across the
day in overweight women during weight maintenance.
Hypothesis 2a: The consumption of a higher-protein diet that is evenly distributed
will lead to reductions in hunger and food cravings throughout the day, increases
in satiety throughout the day, and voluntary reductions in daily intake compared
to an unevenly distributed higher-protein diet. Approach: Assessments of food
intake during an ad libitum free-living testing day will be conducted.

Chapter 4:
Specific Aim 1: To examine whether the consumption of a HP energy-restricted diet
improves appetite control and satiety, food craving, and free-living food intake vs. a NP
energy-restricted diet in overweight women.
Hypothesis 1a: The HP energy-restricted diet will reduce daily hunger and
increase daily fullness, while reducing ad libitum food intake vs. a NP energyrestricted diet. Approach: Repeated assessments of appetite and satiety and food
craving measures will be conducted during a tightly controlled clinical testing
day followed by assessments of food intake during an ad libitum free-living testing
day.

Specific Aim 2: To examine whether protein type influences the effects of a normal
protein diet on appetite control and satiety, food cravings, and free-living food intake in
overweight women.
Hypothesis 2a: The NP energy-restricted beef-based diet will reduce daily hunger
and increase daily fullness, while reducing ad libitum food intake vs. a NP
energy-restricted plant-based diet. Approach: Repeated assessments of appetite
and satiety and food craving measures will be conducted during a tightly
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controlled clinical testing day followed by assessments of food intake during an
ad libitum free-living testing day.

Chapter 5:
Specific Aim 1: To examine the effects of a HP breakfast vs. breakfast skipping on
appetite control, food intake, and sleep health in young adults prone to subclinical sleep
disturbances.
Hypothesis 1a: HP breakfast will reduce daily hunger and increase daily
fullness, vs. breakfast skipping. Approach: Repeated assessments of perceived
appetite sensations will be conducted throughout a tightly controlled clinical
testing day.
Hypothesis 1b: HP breakfast will reduce daily food intake, through reductions in
evening and nighttime food intake vs. breakfast skipping. Approach: Ad libitum
evening meals and snacks will be assessed through free-living packout coolers
following a clinical testing day.

Hypothesis 1c: Breakfast will improve sleep health compared to breakfast
skipping. Approach: Repeated assessments of perceived and measured indices of
sleep health including sleep quality, total sleep time, sleep latency, and sleep
efficiency will be assessed during each 7-day testing period.
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2.1 Abstract:
The recommendation to eat breakfast has received scrutiny over the past decade due to a
lack of causal evidence for improvements in weight management. Despite the limited number of
randomized controlled trials examining the effects of breakfast consumption vs. skipping
breakfast on weight loss, an increasing number of studies exist that target the hormonal,
behavioral, and circadian mechanisms underlying weight management. This review provides a
comprehensive examination of the intervention-based clinical trials that test whether breakfast
consumption improves appetite control and satiety; energy expenditure; and circadian patterns
compared to skipping breakfast in normal to obese, but otherwise healthy, individuals. Several
factors were also considered when interpreting the body of evidence. These include, but are not
limited to, the composition of breakfast, with specific focus on dietary protein; meal size and
form; and habitual breakfast habits. Collectively the evidence within this review demonstrates
positive to neutral support for the inclusion of breakfast for improvements in appetite control,
satiety, and postprandial energy expenditure. However, there is not adequate evidence to
determine whether breakfast consumption alters circadian rhythms. The protein content and form
of the meal (i.e., beverages vs. foods) are key modulating factors for ingestive behavior and
energy expenditure mechanisms. Specifically, macronutrient content as well as food form of the
breakfasts indicated that breakfast meals containing a larger amount of protein (≥ 30 g protein /
meal) and provided as solid foods increased the magnitude of the appetite and satiety response
vs. breakfast skipping. Longer-term trials including the precise measurement of circadianrelated patterns in combination with ingestive behavior and weight management are needed to
identify the role of breakfast for health promotion.

2.2 Introduction
Demand for dietary recommendations to improve health and mitigate lifestyle-related
chronic diseases continues to rise at both the individual and population levels [49]. Breakfast
continues to be touted as an important part of a healthy dietary pattern potentially due to the
myriad of observational studies documenting strong associations between breakfast consumption
and the promotion of weight management [50]. Despite the fact that breakfast recommendations
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have recently come under scrutiny due to a postulated lack of causal evidence supporting
breakfast for weight and fat loss [11, 51], increasing consumer demand and sales of breakfast
foods continues to rise in the U.S. [52]. Thus, it’s imperative to examine the strength of
evidence concerning the consumption of breakfast on health-related outcomes.
Our previous review[53] evaluated intervention-based studies comparing the habitual
consumption of breakfast vs. breakfast skipping on outcomes related to weight management.
Given the paucity of data from long-term, randomized controlled, breakfast trials, we were
unable to support (or refute) the usefulness of the daily consumption of breakfast for weight loss,
changes in body composition, or reductions in daily food intake [53].
An extension to answering the breakfast-weight management question includes the evaluation of
shorter-term, acute trials to assess whether breakfast consumption alters the hormonal,
behavioral, and circadian mechanisms underlying weight management.
Thus, the purpose of this review was to critically evaluate the intervention-based
literature examining the effects of breakfast consumption vs. breakfast skipping on appetite
control, satiety, and energy expenditure as each contribute to the regulation of energy balance
and thus modulate weight management. In addition, breakfast might also be instrumental in
promoting improvements in circadian timing which directly or indirectly affects weight
management [54-61].
In addition, several dietary factors known to impact the hormonal and behavioral
mechanisms will also be explored. In particular, the composition of the breakfast meal is an
important consideration given that protein-rich meals elicit greater postprandial satiety and
energy expenditure compared to carbohydrate and fat-rich meals [62]. See Appendix 1 for a
more detailed review of the role of dietary protein on ingestive behavior.
2.3 Methodology for the Comprehensive Review
2.3.1 Search Strategies & Terms
Breakfast was defined as the first eating occasion of the day before 1000h, whereas
skipping breakfast was the omission of any food or beverage besides water until 1000h [53, 63].
The search terms included breakfast, breakfast skipping, and morning meal along with the
following outcomes: appetite, hunger, satiety, fullness, ghrelin, GLP-1, PYY, energy
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expenditure, physical activity, resting metabolism, resting metabolic rate, thermic effect of food,
postprandial energy expenditure, sleep, sleep cycle, diurnal rhythm, and circadian rhythm.
Searches in PubMed encompassed all articles published prior to and including August 31,
2017. Additionally, references from existing reviews and select articles were examined to
supplement the electronic search.
2.3.2 Selection Criteria & Outcomes
This review was limited to articles published in English in peer-reviewed journals and
included the following criteria: 1) human clinical trials (i.e., randomized control trials (RCT);
randomized crossover designs; and parallel designs); 2) all age groups; 2) all diseases/conditions;
3) breakfast vs. breakfast skipping comparisons; and 4) studies that included any of the following
outcomes: visual analog scale (VAS) questions for postprandial perceived hunger and fullness;
postprandial serum or plasma ghrelin, GLP-1, and PYY concentrations; daily energy
expenditure, physical activity, resting metabolism, and resting metabolic rate (RMR);
postprandial energy expenditure; diurnal rhythm, circadian rhythm, melatonin, heart rate (HR),
and heart rate variability (HRV). For the perceived sensations and hormonal responses,
postprandial individual time points, averages, and area under the curve (AUC) analyses were
included. We sought to assess whether breakfast composition, specifically protein quantity at
breakfast, impacts the outcomes of interest. A higher-protein breakfast was defined as a
breakfast that included ≥ 30 g protein since this was the quantity shown to achieve elevated
satiety [17]. Epidemiological, observational, and cross-sectional studies were excluded. The
search flow diagrams for each of the underlying mechanisms are presented in Figure 2-1. Details
of the study protocol, methodology, and breakfast characteristics were also extracted from all
included studies.
2.4 Appetite Control and Satiety
The majority of data assessing the effects of breakfast on indices of appetite control and
satiety originated from single-meal acute, crossover design trials that include pre and
postprandial visual analog scale (VAS) questionnaires for perceived hunger and fullness and/or
serum or plasma ghrelin, PYY, or GLP-1 responses typically collected over a 4-h period.
Twenty-two studies were included in this section and included a total of 49 breakfast vs.
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breakfast skipping comparisons. Further, 21 studies included VAS responses and 8 studies
included at least one of the hormonal responses (Table 2-1).
The majority (66%) of the study comparisons illustrated postprandial reductions in
hunger when breakfast was consumed vs. skipped. Similarly, postprandial fullness was
increased in 68% of the study comparisons when breakfast was consumed vs. skipped. Although
postprandial ghrelin was assessed in 14 breakfast comparisons, postprandial PYY and/or GLP-1
measures were only included in 6 and 4 comparisons, respectively. Only 43% of the study
comparisons reported greater reductions in postprandial ghrelin following breakfast vs. skipping,
whereas ≥80% demonstrated increased postprandial PYY and/or GLP-1 concentrations. Thus,
these findings suggest that the consumption of breakfast modulates ingestive behavior through
enhanced satiety as evidenced by increased fullness and associated satiety hormones.
When determining the strength of the evidence, it’s important to keep in mind the
experimental designs and durations. Only one long-term RCT has been conducted to date and
only two sub-chronic (i.e., ≥ 1-wk) randomized crossover trials exist that examine the effects of a
breakfast vs. breakfast skipping on these outcomes. The remainder of the studies include only
single-day, acute randomized crossover trials.
Specifically, Farshchi et al. [18], conducted a randomized crossover trial in which 10
healthy, habitual breakfast-consuming, lean women (age: 25.5 ± 5.7 years; BMI: 23.2 ± 1.6 kg
m−2) consumed 250 kcal breakfasts or skipped breakfast for 14-d/pattern. At the end of each
pattern, the participants completed a 3-h testing day consisting of repeated measures of VAS
hunger and fullness assessed before breakfast and every 30-min thereafter for 3-h. No
differences in postprandial hunger or fullness were observed between the breakfast patterns.
However, the small sample size and relatively small energy content of the breakfast meal may
have limited the ability to detect differences. Further, the participants were given a mid-morning
snack consisting of a chocolate-covered cookie (~200 kcals) between 1030h and 1100h
regardless of treatment period. While speculative, it’s possible that the snack differentially
influenced the postprandial responses between breakfast patterns given that the snack initiated
‘breaking the fast’ during the breakfast skipping trial.
In a contrasting population, Leidy et al.[3], completed a randomized crossover study
examining the effects of breakfast consumption in 20 overweight, breakfast-skipping, lateadolescent girls (age: 19 ± 1 years; BMI: 28.6 ± 0.7 kg m−2). The participants consumed two
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different types of breakfast meals, similar in energy (i.e., 350 kcal) but varying in macronutrient
content, for 6-days/pattern or continued to skip breakfast. At the end of each 6-d period, a 10-h
clinical testing day was performed and included repeated VAS questionnaires and plasma blood
sampling across the day. Daily hunger and ghrelin responses were reduced while daily fullness
and PYY responses were increased with the consumption of breakfast vs. breakfast skipping;
however, these responses were dependent on the composition of the breakfasts consumed.
Specifically, while both breakfast meals increased fullness compared to breakfast skipping, the
higher-protein breakfast treatment elicited greater increases in fullness vs. the normal-protein
version. Additionally, only the higher-protein breakfast elicited improvements in PYY and
Ghrelin responses vs. breakfast skipping.
Lastly, Leidy et al. [19], extended the previous findings thru the completion of a 12-wk
RCT in 57 adolescents (age: 19 ± 1 years; BMI: 29.7 ± 4.6 kg m−2) who habitually skipped
breakfast. Participants were randomized into higher-protein breakfast, normal-protein breakfast,
or breakfast skipping groups. The breakfast meals were provided every day to be consumed at
home for 12-wks. Baseline and post-study 3-d free-living assessments of hourly hunger and
fullness were collected. The consumption of breakfast, particularly the higher-protein version,
led to reductions in daily hunger following vs. breakfast skipping; however, the normal-protein
breakfast did not. No differences in fullness were detected between the breakfast groups.
Collectively, the majority of study comparisons (67%) illustrated at least one
improvement in select indices of appetite and satiety following the consumption of breakfast vs.
skipping the morning meal. In addition, it is important to note that none of the comparisons
reported deleterious effects with breakfast consumption such that all findings led to either
positive or neutral effects.
2.4.1 Points of Consideration
Increased dietary protein at breakfast is the first factor of interest given the documented
satiety-effects following the consumption of ≥ 30 g protein [20]. Of the 22 studies discussed
within this review, 8 studies [3, 15, 21-26] included higher-protein breakfast vs. breakfast
skipping comparisons. All but one study [21] reported improvements in at least one of the
outcomes of interest following the higher-protein breakfast vs. breakfast skipping. Further, in
the 5 studies that included a normal-protein breakfast comparison [3, 15, 23-25], all 5 reported
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greater improvements in at least one of the appetitive and/or hormonal responses following a
higher-protein breakfast vs. normal-protein versions. Regardless of the consistent findings, the
limited number of studies reduce the overall strength of evidence and suggest that additional
investigation is warranted.
Meal replacement beverages (MRB) are frequently prescribed and promoted as part of a
reduced calorie diet for weight loss and weight management for millions of overweight
consumers [27]. However, when compared to solid foods, the consumption of beverages elicit a
weaker satiety effect, reduced dietary compensation, and greater subsequent energy intake [2830]. The proposed reasons for these responses include the faster digestive and absorptive rates of
beverages vs. solid meals as well as the perception of beverages being ‘less filling’ since they are
considered an incomplete, non-traditional meal [31, 32]. Of the 22 studies in this review, 5
included beverage breakfasts [18, 21, 23, 26, 33]. Upon closer inspection, the beverages led to
minimal to no effects on postprandial hunger and fullness compared to the solid meals. When
the studies containing beverage meals were removed, the impact of breakfast consumption on
appetite and satiety strengthened compared to skipping the morning meal. Collectively, the
evidence supports the inclusion of solid foods at breakfast to elicit improvements in appetite
control and satiety.
Meal size may also be a contributing factor for consideration. Work from Lombardo et
al.[34], demonstrated that consuming larger meals (i.e., breakfast & morning snack, 25% & 10%
of total daily energy intake, respectively) earlier in the day led to greater weight loss following a
3-month lifestyle intervention compared to consuming larger meals (i.e., afternoon snack &
dinner, 15% & 30% of total daily energy intake, respectively) later in the day. Two studies
within the current review directly compared lower-calorie vs. higher-calorie meals [23, 33].
Blom et al. [33] compared a 180 kcal carbohydrate-rich breakfast meal to a 640 kcal
carbohydrate-rich version in 20 healthy men. The larger breakfast led to greater reductions in
postprandial hunger and ghrelin responses along with greater increases in postprandial fullness
compared to the lower calorie version. De Graaf et al. [23] compared 100, 200, and 450 kcals
breakfasts containing only carbohydrates, fats, or proteins in 29 healthy females. Unlike Blom et
al.[33], De Graaf et al.[23], reported no differences in postprandial hunger among meals varying
in energy content. No other outcomes were assessed. Since both of these studies included
beverage breakfasts and were not mixed-meals, it’s difficult to identify the specific effect of
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meal size on the respective outcomes. Regardless, in comparing the appetite and satiety
responses following the lower-calorie breakfasts (i.e., < 200 kcal) vs. breakfast skipping
treatments within the current studies, half of the studies illustrated improvements in the appetite
and satiety outcomes with these breakfasts, while the remaining half reported no differences.
Further examination of the energy and macronutrient content as well as food form of the
breakfasts indicated that breakfast meals containing a larger amount of energy (≥350 kcals /
meal) and protein (≥ 30 g protein / meal) and provided as solid foods increased the magnitude of
the appetite and satiety response vs. breakfast skipping [3, 19, 25]. In contrast, the breakfast
meals which were lower in energy (< 350 kcals / meal), contained normal to lower protein
content (< 30 g protein / meal), and were beverages demonstrated no effect on any of the
examined outcomes vs. breakfast skipping. However, due to the small number of studies that
include these types of breakfasts, the recommendation to consume larger, higher-protein, solid
breakfasts should be viewed as preliminary.
Lastly, habitual breakfast habits might be an important moderating factor within these
studies, especially given the single-meal, acute testing design frequently utilized. To our
knowledge, Thomas et al. [35], is the only group to directly compare appetite and satiety
responses between habitual breakfast consumers vs. skippers. The habitual breakfast consumers
reported greater hunger and lower fullness during the breakfast skipping arm compared to when
the habitual breakfast skippers continued to skip the morning meal. While only a single study,
this work provides preliminary evidence that considering habitual breakfast habits is necessary
when determining the effectiveness of breakfast for improved appetite control and satiety.
Schlundt el al. [36] also demonstrated support for differential effects of a breakfast intervention
due to habitual dietary behaviors. In fact, the individuals in that study who made the most
substantial change in their habitual breakfast habits lost the most weight (i.e., breakfast skippers
who began to eat breakfast and consumers who began skipping breakfast).
In the current review, nearly half of the studies included habitual breakfast consumption
as part of their subject inclusion criteria with 5 studies targeting habitual breakfast skippers (i.e.,
consumed breakfast ≤ 2-d/wk) [3, 15, 22, 25, 37] and 6 including breakfast consumers (i.e.,
consumed breakfast ≥ 5-d/wk) [18, 24, 38-41]. The remaining studies either documented
habitual breakfast habits or did not collect this as part of the screening and/or baseline
information. It’s possible, albeit untested, that the effects of breakfast consumption may be more
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robust in breakfast skippers as a function of prior habituation to omitting the morning meal.
When comparing the postprandial responses based on whether the study population included
breakfast consumers vs. skippers, no differences were detected. We conclude that additional
work directly comparing the responses of breakfast consumers vs. breakfast skippers is
supported by the limited evidence.
In summary, the majority of studies report improvements in indices of appetite control
and satiety following the consumption of breakfast compared to skipping breakfast. However,
the limited number of RCTs and the variability in breakfast composition, size, and food form
across studies might have contributed to some of the discrepant findings.
2.5 Energy expenditure
Another key component of energy balance and weight management involves the
examination of whether consuming breakfast impacts energy expenditure outcomes (Table 2-2).
Compared to skipping breakfast, the addition of breakfast increases postprandial energy
expenditure in most [64-72], but not all studies [73, 74]; however, it is difficult to quantify the
increase as the results are presented in varying manners (i.e., kcals/d; kcal/min; kcal/6h; %
increase from fasting). When extrapolating the results across a 24-h period, the increase in
postprandial energy expenditure following the consumption of breakfast ranged from
approximately 40 kcal – 200 kcal/d, depending on the composition of the breakfast.
Additionally, 8 published studies examined whether breakfast consumption increased
RMR throughout the day compared to skipping breakfast [64-66, 69-73]. All 8 studies were
acute trials, ranging from 1-d to 6-wks. With respect to the collection of RMR, Kobayashi et al.
and Steiniger et al. [65, 66] incorporated 24-h indirect calorimetry chambers, whereas Betts et al.
[64], Reeves et al. [73], and Chowdhury [72] performed indirect calorimetry once in the morning
following a 10-h overnight fast. Regardless of the intervention period or RMR measurement
duration, 7 of the 8 studies report no difference in RMR when comparing those who ate breakfast
vs. those who skipped the morning meal [64-66, 69, 70, 72, 73]. Clayton et al.[71], was the only
study to demonstrate increased RMR following breakfast consumption compared to breakfast
skipping; however, this measurement spanned only 2.5h post breakfast which cannot confirm a
lasting effect across the day.
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The last, most variable component of energy expenditure is physical activity which
includes both exercise and non-exercise activity thermogenesis (NEAT). The current search
only captured 6 studies to date that have examined the effects of breakfast on these outcomes
[64, 65, 71-73, 75]. Most modalities for monitoring physical activity included daily worn
pedometers or accelerometers. All studies, with the exception of one [64], concluded no daily
effects of breakfast on physical activity. Betts et al., [64], which was the exception, included a
combination of heart rate monitoring and accelerometry which may have increased the ability to
detect changes in physical activity. The authors hypothesized that physical activity, particularly
NEAT, is sensitive and responsive to alterations in eating behaviors, including the addition of the
breakfast meal in individuals who habitually skip breakfast [64]. The trial illustrated greater 24h physical activity following 6-wks of consuming breakfast (1449 ± 666 kcal/d) compared to
skipping breakfast (1007 ± 370 kcal/d; P < 0.05). The additional 400 kcal expended was
primarily from increased NEAT throughout the morning hours and was not related to any
differences in wake time or sleep duration [64]. Likewise 24-h energy expenditure increased
following breakfast consumption as well. While the strength of evidence is poor with respect to
breakfast effects on physical activity, further investigation utilizing longer study designs are
needed.
2.5.1 Points of Consideration
It has been established that higher-protein diets preserve resting energy expenditure,
particularly during energy restriction, to a greater extent (+142 kcal/d; 95% CI: 16, 269 kcal/d; P
< 0.03)than lower-protein versions [76, 77].. However, whether breakfast meals containing
higher quantities of protein also result in increased energy expenditure compared to skipping
breakfast is relatively unexplored. Our search identified 7 trials [65-70, 74], 6 of which
demonstrated greater postprandial energy expenditure following the consumption of a higherprotein breakfast vs. skipping or vs. a normal-protein breakfast. Limitations in interpreting these
findings include the composition and type of breakfasts. For example, most of the studies
include within this section of the review contain beverage breakfasts and are composed of only
protein. Thus, the current evidence can only be considered supportive of beverage breakfasts
containing protein.
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Circadian Clocks and Breakfast
Circadian clocks, or chronobiology, encompass a complex system of rhythms within the
body which promote synchrony of biological processes[78]. Nutrient timing is an established
potent zeitgeber (i.e., circadian clock synchronizer) that may provide positive effects on
peripheral and/or central regulation of metabolism, ingestive behavior, weight management, and
sleep health [59]. Atypical alterations in nutrient intake, including meal skipping, can
desynchronize these circadian clocks [59-61] and further increase the risk of developing a
number of chronic diseases including obesity, type 2 diabetes, and cardiovascular disease [58,
79]. Since breakfast is known to have positive regulatory effects on metabolism and glycemic
control, the consumption of breakfast may promote peripheral synchrony. However, whether
breakfast consumption influences circadian clocks is less well established.
Due to the complexity of capturing variations in endogenous circadian clocks, a variety
of measures are reported [80]. These include, but are not limited to, dim light melatonin onset
(DLMOn), circulating melatonin, core body temperature (CBT), heart rate (HR), and heart rate
variability (HRV). Additionally, circadian phasing refers to the periodicity and timing of the
rhythm[78]. Specifically, melatonin is considered a robust circadian marker since its secretion is
regulated by the suprachiasmatic nucleus (SCN), known as the master circadian clock, and also
acts to entrain the sleep-wake cycle [81]. DLMOn is defined as the point (i.e., onset) at which
melatonin production begins to increase in the evening and thus changes in the timing of
DLMOn are used to determine differences in circadian phasing [82]. CBT is also considered an
accurate reflection of circadian rhythms because it also has ~24h rhythmicity. Typically, CBT
rhythms are characterized by a minimum in the morning time (~0500h) and maximum in the
evening time (~1700h). There is also a nocturnal decline which is traditionally measured to
determine circadian phasing; this decline is also involved in the initiation of sleep [82].
Similarly to DLMOn, change in the timing of the decline in CBT is considered representative of
timing of circadian rhythms. Finally, the autonomic nervous system is known to follow
circadian cycling and is often measured using HR and HRV [83]. Consequently, changes in
typical patterns of HR and HRV indices across a 24-h period are used to denote changes is
circadian phasing of these markers. As such they are used as surrogates to detect changes in
circadian clocks [83]. For a more extensive review of these measures and their roles in the
circadian clock systems, please see the following reviews [82, 84-86].
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When performing our search of breakfast (skipping) and circadian patterns, only 4 studies
were identified (Table 2-3). Qin, et al. [31] completed a randomized crossover study in which 7,
healthy, young adults (age: 21.7 ± 1.3 years; BMI: 22.9 ± 3.0 kg m−2) either maintained normal
meal times (i.e., 0700h, 1300h, and 1900h) or skipped the morning meal and ate late into the
evening (i.e., 1300h, 1900h, and snacking until bed) for 21-d/pattern. Participants were asked to
maintain their habitual food choices and energy intake over the 21-d patterns. This was
controlled by participant-conducted calorie counting. Sleep times were also maintained
respective to each study, but not confirmed with measured sleep assessments. On day 22 of each
testing period, blood samples were taken every 3-h throughout the day and night from 0900h to
0600h the next day to assess plasma melatonin. A 1-mo washout period was included between
patterns. The normal meal pattern which included breakfast consumption led to greater
melatonin concentrations across the overnight hours (i.e., 2400h, 0300h, and 0600h; all, p <
0.01) compared to the breakfast skipping/nocturnal pattern. These findings are relevant given
that melatonin typically reaches maximal peak concentrations during the overnight hours. As
stated by the authors, these findings are similar to melatonin fluctuations observed in individuals
with clinically diagnosed sleep disturbances (i.e., night-time eating syndrome). However, due to
the study design, it is impossible to determine whether the shift in food intake directly altered the
melatonin concentrations or whether other factors, including the possible shortened dark time as
a result of consuming food later in the day, may have influenced these results.
In another randomized crossover study, Krauchi et al.[87] examined the effects of eating
a 1600 kcal breakfast (Protein: 44g/ CHO: 300g/ Fat: 25g) at 0830h or skipping breakfast and
eating the same meal later in the day (at 2130h). This study utilized the circadian-design of 48-h
‘constant routine protocol’ to tightly-control all behaviors so that changes due to an intervention
may be detected. The circadian phase response curve was used to determine the relationship
between breakfast treatment and changes in the oscillation of the core-body temperature as well
as heart rate rhythm circadian response[82]. The breakfast treatment phase-advanced core body
temperature (i.e., led to an earlier peak core-body temperature) by one hour vs. the evening meal
treatment. In concert, there was an approximate 45-min phase advance in indices of circadian
heart rate rhythm following breakfast compared to the evening meal treatment. Waveform, or
the shape of the 24-h rhythm of heart rate, also varied after the breakfast meal vs. the evening
meal. Despite changes in CBT and heart rate, DLMOn was not different between treatments.
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Collectively, this study lends support that the timing of food intake can serve as an internal
zeitgeber capable of altering various circadian clock systems in differing manners [87].
Pivik et al.[88] conducted a randomized parallel trial in pre-adolescents who habitually consume
breakfast. Resting HR and HR variability (HRV) were measured following the consumption of a
340 kcal (Protein: 14g/ CHO: 57g/ Fat: 6g) breakfast or a continued fast until lunch time
(~1100h) for one day. HR recordings were taken for 5-min in a resting state at 0800h and at
1030h. Breakfast consumption led to postprandial increases in HR while breakfast skipping led
to significantly decreased HR resulting in between-group differences (breakfast > fasting,
p<0.001). Additionally, all HRV measures significantly decreased following breakfast
consumption vs. fasting (p<0.05). As discussed by the authors [88], the robust parasympathetic
response to a continued fast may result in negative alterations in circadian processes by shifting
the amount of parasympathetic activity to the morning, a time usually dominated by an
upregulation of sympathetic activity [88-90]. Although further investigation is required, the
attenuation of parasympathetic activity by breakfast act to entrain the autonomic nervous system
and potentially combat autonomic dysregulation which is associated with deleterious health
outcomes (i.e., insulin resistance, cardiovascular disease)[91, 92].
The final trial [93] discussed within this review assessed circadian parameters in a 2-wk
parallel design examining breakfast meal intake (0800h, 1300h, 1800h) vs. breakfast skipping
and a late night meal (1300h, 1800h, 2300h) in 14 healthy men who habitually skipped breakfast.
HRV was continuously measured for 24 h in a controlled environment to maintain constant
sleep-wake cycling and physical activity. The group which consumed the morning breakfast
meal exhibited a phase shift of HRV in the 24-h rhythm period as well as phase advances in low
frequency power (-3.2 ± 1.2 h, p < 0.05) and the ratio of high frequency power to total power (1.2 ± 0.5 h, p < 0.05) vs. the breakfast skipping control group. In agreement with the previous
studies, these findings support that a feeding schedule shift, such as breakfast skipping,
effectively entrains HRV circadian rhythms and may support positive entrainment of the
autonomic system.
In addition to the small number of studies examining the effect of breakfast on circadian
rhythms, there is an overall lack of control for and/or documentation of the quality, size, and type
of breakfasts included within the study protocols. Thus, conclusive understanding of how these
factors may affect circadian-related outcomes remains unclear. Additionally, due to the nature of
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measuring circadian-related variables, it is rare that participants experience typical
environmental circumstances and cues under testing conditions (i.e., un-regulated sleep, stress,
physical activity, day-to-day activities, and light exposure). Whether similar effects of altered
feeding schedules occur under daily, real-world circumstances remains unknown and, while
difficult, integration of precise circadian methodologies into free-living scenarios is warranted.
The few studies examined in this review indicated that changes in feeding schedules, such as
breakfast consumption or skipping, effectively alter circadian biology. Of note, determining
whether the health implications of circadian alterations are explicitly positive or negative
requires a detailed understanding of population specific (i.e., age, weight-status, chronotype,
gender) physiology and investigation.
Finally, after the search for this review was conducted, the first study with a primary aim
to investigate the influence of breakfast on circadian clock genes was published [94].
Jakubowicz et al.[94], completed a randomized crossover design in which healthy individuals
and individuals with type 2 diabetes were examined following breakfast and breakfast skipping.
Points of assessment included postprandial measures of well-established peripheral clock genes
(i.e., Per1, Cry1, and CLOCK) known to influence metabolism [61]. In short, breakfast
consumption led to a maintenance, or the normal cyclic upregulation and down regulation, of
core clock gene oscillations while breakfast skipping led to adverse changes. These adverse
changes were also correlated with an increased postprandial glycemic response independent of
health status, a finding in line with other work linking circadian dysregulation and glycemic
control [95]. This study provides the first direct evidence that breakfast consumption effects
circadian clock and circadian clock-controlled gene expression.
2.7 Future Considerations – Sleep as a Modulator of Breakfast Intake
Sleep is well-understood to be a life-sustaining process by which the culmination of
endocrine, sleep-wake, and circadian, homeostatic systems reset to maintain optimal functioning
[96]. Epidemiological evidence illustrates associations between sleep disturbances and chronic
disease conditions (i.e., obesity, cardiovascular disease, type 2 diabetes) [97]. For example,
several cross-sectional studies reveal associations between decreased sleep duration and
increased risk for weight gain [98] and obesity [97]. In addition, one large cross-sectional study
using NHANES data from 2005 – 2006, 2007-2008, and 2009-2010, demonstrated that
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individuals with short sleep (<6-h/night) also displayed breakfast skipping behaviors, had a later
timing of the final eating occasion, and had a greater contribution of daily energy intake from
snacking occasions compared to average-duration (7-6h/night) sleepers (all, p<0.05) [47].
Moreover, other investigations have utilized sleep restriction to examine the role of sleep
in regulating ingestive behaviors during the evening and nighttime. For example, Broussard et
al.[99], conducted a tightly-controlled study in which 19 healthy, young men completed 2, 5-d/4night test periods consisting of normal sleep (8.5 h/night) and sleep restriction (4.5 h/night)
separated by a 4-wk washout. Twenty-four-hour blood sampling and sleep measures via
polysomnography were conducted throughout the testing period. Dietary intake was tightly
controlled until 1500h on day 5 of each testing period when the participants were given access to
an ad libitum buffet. Sleep restriction led to elevated ghrelin concentrations which were
accompanied by an increase in total energy intake, as snacks and carbohydrate-rich foods
compared to healthy sleep duration. Two other trials [31, 100] reported similar findings such
that shortened sleep was associated with changes in ingestive behavior. Specifically, an increase
in the incidence and prevalence of breakfast skipping was associated with shortened sleep
durations. Moreover, individuals who had shortened sleep also reported an increased energy
intake during the evening [101].
A number of studies demonstrate that eating later in the day, leading up to sleep onset, is
negatively associated with poor sleep quality and shortened sleep duration [47,
102, --103]. As
-- --discussed this shift may create significant dysregulation of sleep/wake cycles and peripheral
circadian processes and in a feedforward manner induce sleep disturbances. Since previous
findings have documented increased snacking behavior later in the afternoon/evening when
breakfast is skipped [11], it is possible that breakfast may modulate sleep health. Thus, we
conducted a randomized crossover, pilot study to examine the effects of a350 kcal, higherprotein breakfast vs. skipping on sleep health in 13 young, healthy adults prone to subclinical
sleep disturbances [104]. Perceived sleep quality and sleep onset tended to improve following
breakfast consumption vs. breakfast skipping (P=0.060 & P=0.07, respectively). Further, ad
libitum evening food intake was assessed and correlational analyses indicated that sleep duration
and sleep quality were inversely associated with evening snacking (-0.623, p<0.001 & -.505,
p<0.009, respectively), In short, the lack of publications to date including intervention-based diet
studies on sleep health does not allow for a determination of whether breakfast consumption
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impacts sleep. Since the vast majority of this research was conducted outside of the field of
nutritional physiology, future directions include appropriate nutrition research methodologies
paired with precise and appropriate measures of sleep and circadian health.
2.8 Summary and Conclusions
Collectively, the present review examined the effects of breakfast consumption and
composition on appetite and satiety, energy expenditure, and circadian clock modulators of
weight management. The findings demonstrated modest support for the consumption of breakfast
for appetite control, satiety, and postprandial energy expenditure. However, data are lacking
with respect to whether breakfast consumption positively impacts circadian rhythms. Further
investigation of breakfast consumption utilizing well-designed, longer-term interventions
accounting for study duration, meal composition, size, and food form; habitual breakfast habits,
and sleep health are required to determine the specific effects of breakfast (skipping) on appetite
control and satiety, energy expenditure, and circadian rhythms.
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Table 2-1: Acute & long-term trials investigating the effects of breakfast consumption on appetite and satiety outcomes
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2016 [82]

Trial Type/

Habitual

Duration

Breakfast

(per

Habit

treatment)

(BfS/Bf)

R-Cross
(1-d)

R-Cross

2011 [38]

(1-d)

2005 [33]

kcal
(gPRO/gCHO/gFAT)

Hunger/
Appetite

Fullness

Ghrelin

PYY

GLP-1

BfS: 0 (0/0/0)
UNK

Bf1: 430 (9/93/2)

Bf1,2 < BfS

Bf1,2 > BfS

Bf-LK < BfS

Bf-LK > BfS

Bf, LK: 180 (15/29/<1)

Bf-LK = BfS

Bf-LK = BfS

Bf-LK = BfS

Bf1: 640 (13/146/<1)

Bf1,2 < BfS

Bf1,2 > BfS

Bf1,2 < BfS

Bf2: 520 (22/95/2)

Astbury,

Blom,

Breakfast

Bf

Bf-LK: 260 (9/21/4)
BfS: 0 (0/0/0)

R-Cross
(1-d)

BfS: 0 (0/0/0)

UNK

Bf2: 640 (13/146/<1)
Chowdhury,

R-Cross

2016 [48]

(1-d)

Clayton,

R-Cross

2016 [39]

(1-d)

BfS & Bf

Bf

BfS: 0 (0/0/0)
Bf: 520 (7/91/10)
BfS: 0 (0/0/0)
Bf: 740 (20/130/14)

Bf < BfS

Bf < BfS

Bf < BfS

Bf > BfS

Bf = BfS

Bf > BfS

Bf > BfS

BfS: 8 (0/2/0)
Bf1: 400 (1/99/1)
Bf2: 400 (3/5/92)
Bf-LK1: 250 (1/62/0)
De Graaf,

R-Cross

1992 [23]

(1-d)

UNK

Bf-LK2: 100 (0/25/0)

Bf1,2; Bf-LK1-5 = BfS

Bf-LK3: 250 (2/3/58)

Bf-HP(all) < BfS

Bf-LK4: 100 (1/1/23)
B-LK5: 100 (18/7/1)
Bf-HP: 400 (70/27/3)
Bf-HP-LK: 250 (44/17/2)
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Defeyter,

R-Cross

2013 [23]

(1-d)

Farshchi,

R-Cross

2005 [18]

(14-d)

Gottero,

R-Cross

2003 [83]

(1-d)

Hutchison,

R-Cross

2015 [26]

(1-d)

Irvine,
2004 [84]

Kral,

BfS

Bf

BfS: 0 (0/0/0)
Bf-LK: 250 (11/41/5)

UNK

Bf-LK > BfS

Bf-LK = BfS

Bf, LK = BfS

Bf1: 400 (13/45/19)

Bf1,2 = BfS

Bf2: 400 (0/100/0)
BfS: 0 (0/0/0)
UNK

Bf-HP-LK1: 130 (30/0/0)

Bf-HP-LK1,2 < BfS

Bf-HP-LK1,2 = BfS

Bf-LK1 = BfS

Bf-LK1 = BfS

Bf-LK2 < BfS

Bf-LK2 = BfS

Bf1-3 < BfS

Bf1-3 > BfS

Bf-HP-LK1,2 < BfS

Bf-HP-LK1,2 > BfS

Bf-HP-LK2: 280 (70/0/0)
BfS: 0 (0/0/0)
UNK

Bf-LK1: 250 (4/39/9)
Bf-LK2: 250 (20/39/2)

R-Cross

BfS: 0 (0/0/0)

(1-d)

Bf1: 350 (11/69/4)

2011 [40]

Bf-LK < BfS

BfS: 0 (0/0/0)

R-Cross
(1-d)

BfS: 0 (0/0/0)
Bf-LK: 180 (9/32/2)

Bf

Bf2: 350 (10/68/5)
Bf3: 350 (12/69/4)

Leidy,
2010 [25]
Leidy,
2013 [3]

Leidy,
2015 [19]

R-Cross
(1-d)

BfS: 0 (0/0/0)
BfS

Bf: 510 (18/95/8)

Bf; Bf-HP < BfS

Bf-HP: 510 (49/63/8)
R-Cross
(7-d)

Bf-HP > BfS

BfS: 0 (0/0/0)
BfS

Bf: 350 (13/57/8)

Bf; Bf-HP < BfS

Bf; Bf-HP > BfS

Bf = BfS

Bf = BfS

Bf-HP < BfS

Bf-HP = BfS

Bf-HP: 350 (35/35/8)

RCT
(12-wk)

Bf = BfS

BfS: 0 (0/0/0)
BfS

Bf: 350 (13/57/8)
Bf-HP: 350 (35/35/8)

Bf; Bf-HP = BfS

Bf; Bf-HP > BfS

Bf = BfS

Bf = BfS

Bf-HP < BfS

Bf-HP > BfS
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BfS: 0 (0/0/0)
Levitsky,

R-Cross

2013 [85]

(1-d)

BfS & Bf

Bf-LK1: 340 (9/74/<1)

Bf; Bf-LK1,2 < BfS

Bf-LK2: 340 (15/64/2)
Bf: 620 (18/121/12)

Neumann,

Parallel

2015 [22]

(8-d)

BfS: 0 (0/0/0)
BfS

Bf: 350 (10/59/8)

Bf; Bf-HP = BfS

Bf; Bf-HP > BfS

Bf; Bf-HP(both) < BfS

Bf; Bf-HP(both) > BfS

Bf-LK < BfS

Bf-LK > BfS

Habitual BfS group

Habitual Bf > Habitual

Habitual Bf <

Habitual Bf =

Habitual Bf =

Habitual Bf =

Habitual Bf group

BfS

Habitual BfS

Habitual BfS

Habitual BfS

Habitual BfS

Bf = BfS

Bf = BfS

Bf = BfS

Bf > BfS

Bf > BfS

Bf-LK1,2 < BfS

Bf-LK1,2 > BfS

Bf-HP: 350 (30/39/8)
BfS: 0 (0/0/0)

Rains,

R-Cross

2015 24]

(1-d)

Bf

Bf: 288 (3/44/11)
Bf-HP-LK1: 280 (30/13/12)
Bf-HP-LK2: 294 (38/3/14)

Stewart,

R-Cross

1997 [41]

(1-d)

Thomas,

R-Cross

2015 [35]

(1-d)

Bf

BfS & Bf

BfS: 0 (0/0/0)
Bf-LK: 340 (10/77/2)

BfS: 0 (0/0/0)
Bf: 500 (29/75/18)

Veasey,

R-Cross

2015 [86]

(1-d)

BfS: 0 (0/0/0)
UNK

Bf-LK1: 240 (9/38/4)
Bf-LK2: 120 (6/30/3)
BfS: 0 (0/0/0)

Vozzo,

R-Cross

2002 [21]

(1-d)

UNK

Bf1: 700 (25/107/20)
Bf2: 700 (25/73/31)

Bf1,2; Bf-HP = BfS

Bf-HP: 700 (51/78/18)
*Abbreviations Used: BfS, Breakfast Skipping; Bf, Standard Breakfast = ≥350 kcal; <30 g PRO; HP, High Protein (>30 g PRO/meal); LK, Low kcal (<350 kcal); RCT, Randomized
Control Trial; R-Cross, Randomized Crossover Trial; # subscripts denote treatment arms of the same breakfast type; UNK, Unknown
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Table 2-2: Acute and long-term trials investigating the effects of breakfast consumption on energy expenditure

First author, yr

Trial Type/

Habitual

Duration

Breakfast

Breakfast

(per

Habit

kcal

treatment)

(BfS/Bf)

(gPRO/gCHO/gFAT)

Betts,

R-Cross

2014 [42]

(6-wk)

Bo,

R-Cross

2015 [47]

(7-d)

Chowdhury,

RCT

2016 [48]

(6-wk)

Clayton,

R-Cross

2015 [39]

(1-d)

Halsey,
2012 [51]

R-Cross
(3-d)

Both

UNK

Both

BfS: 0 (0/0/0)
Bf: ≥700 (varied)
BfS: (0/0/0)
Bf-HP: 1168 (88/114/40)
BfS: 0 (0/0/0)
Bf: ≥700 (varied)
BfS: 0 (0/0/0)

Bf

Bf

Bf: 724 (19.5/130/14)

Resting Energy Expenditure

Bf = BfS

Bf, HP = BfS

Bf = BfS

Post-prandial Energy
Expenditure

Bf > BfS

Physical Activity

24h: Bf > BfS
Before 1200h: Bf > BfS

PPEE: Bf, HP > BfS

Bf > BfS

Bf > BfS*

Bf > BfS*

*only at 2.5h

*only at 2.5h

BfS: 0 (0/0/0)

24h: Bf = BfS
Before 1200h: Bf > BfS

Bf = BfS

Bf = BfS

Bf: Ad libitum
BfS: 0 (0/0/0)

Karst,
1984 [50]

R-Cross
(1-d)

Bf, LK1: 239 (0/60/0)
UNK

Bf1 = BfS

Bf-HP-LK1: 239 (60/0/0)

Bf, HP(all) > BfS

Bf-HP-LK2: 239(60/0/0)
Bf-HP-LK3: 239(60/0/0)

Kobayashi,

R-Cross

2014 [43]

(1-d)

Nair,
1983 [45]

Bf

Bf-HP: 689±49kcal (32/98/16)

Bf, HP = BfS

Bf, HP > BfS

Bf, HP = BfS

BfS: 0 (0/0/0)

NR-Cross
(1-d)

BfS: 0 (0/0/0)

UNK

Bf1: 300 (0/75/0

Bf(all) > BfS

Bf2: 300 (0/0/33)
Bf-HP: 300 (75/0/0)
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Neumann,

R-Cross

2016 [22]

(8-d)

Reeves,

R-Cross

2015 [49]

(7-d)

Steiniger,

P

1987 [44]

(1-d)

BfS: 0 (0/0/0)
BfS

Bf: 350 (10/59/8)

Bf; Bf-HP = BfS

Bf-HP > BfS

Bf-HP: 350 (30/39/8)

Both

BfS: 0 (0/0/0)
Bf: 544 (UNK)

Bf = BfS

BfS: 0 (0/0/0)
UNK

Bf-HP-LK: 239 (60/0/0)

Bf-HP(both) = BfS

Bf = BfS

Bf = BfS

Bf-HP(both) > BfS

Bf-HP: 480 (120/0/0)
BfS: 0 (0/0/0)

Welle,
1981 [46]

R-Cross
(1-d)

UNK

Bf1: 400 (0/100/0
Bf2: 400 (0/0/44)

Bf(all) > BfS

Bf-HP: 400 (100/0/0)
*Abbreviations Used: BfS, Breakfast Skipping; Bf, Standard Breakfast = ≥350 kcal; <30 g PRO; HP, High Protein (>30 g PRO/meal); LK, Low kcal (<350 kcal); RCT, Randomized
Control Trial; R-Cross, Randomized Crossover Trial; # subscripts denote treatment arms of the same breakfast type; UNK, Unknown
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Table 2-3: Acute and long-term trials investigating the effects of breakfast consumption on circadian outcomes
Trial Type/

First author, yr

Duration

Habitual Breakfast

Breakfast

(per

Habit

kcal

treatment)

(BfS/Bf)

(gPRO/gCHO/gFAT)

Krauchi,

R-Cross

2002 [63]

(48-h)

Pivik,
2006 [64]

P
(1-d)

BfS: 0 (0/0/0)
UNK

95% Bf

Bf: 1600 (44/300/24.9)

2003 [62]

R-Cross
(3-w)

UNK

Total Daily Intakes: 22002600kcal/day

Heart Rate/Heart Rate

Temperature

Variability

Bf > 1-h phase

BfS = Bf

advance vs. Bfs

Bf < Bfs

Bf: 340 (14/57/6)

Bf: UNK

Core Body

DLMOn:

BfS: 0 (0/0/0)

BfS: 0 (0/0/0)
Qin,

Melatonin / DLMO

Nocturnal Melatonin
Concentrations:
Bf > Bfs

BfS, dinner: ~852
Yoshizaki,

P

2013 [69]

(2-w)

BfS

(32/128/24)
Bf, no dinner: ~852

Bf > BfS

(32/128/24)
*Abbreviations Used: BfS, Breakfast Skipping; Bf, Standard Breakfast = ≥350 kcal; <30 g PRO; HP, High Protein (>30 g PRO/meal); LK, Low kcal (<350 kcal); RCT, Randomized
Control Trial; R-Cross, Randomized Crossover Trial; TRP, Tryptophan; # subscripts denote treatment arms of the same breakfast type; UNK, Unknown
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Appetite Control & Satiety Search

Energy Expenditure Search

Number of citations retrieved &
screened (n=3483)

Number of citations retrieved &
screened (n=692)
Studies excluded due to duplication or
against inc/exc criteria (n=3461)

Studies excluded due to duplication or
against inc/exc criteria (n=6780)

Total number included in review
(n=22)

Addition of Breakfast
(n=22)

Total number included in review
(n=12)

Addition of Higher-protein
Breakfast (n=9 )

Addition of Breakfast
(n=12)

Addition of Higher-protein
Breakfast (n=6 )

Sleep and Circadian Search
Number of citations retrieved &
screened (n=2528)
Studies excluded due to duplication or
against inc/exc criteria (n=2525)
Total number included in review
(n=3)

Breakfast &

Breakfast &

Sleep Measures (n=O)

Circadian Measures (n=3)
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Figure 2-1: Flow diagrams of the article selection process for each proposed underlying mechanism
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CHAPTER 3. EXAMINATION OF PROTEIN QUANTITY AND PROTEIN
DISTRIBUTION ACROSS THE DAY ON AD LIBITUM
CARBOHYDRATE AND FAT INTAKE IN OVERWEIGHT WOMEN

Jess A Gwin, Kevin C Maki, Ammar Y Alwattar, Heather J Leidy; Examination of Protein
Quantity and Protein Distribution across the Day on Ad Libitum Carbohydrate and Fat Intake in
Overweight Women, Current Developments in Nutrition, Volume 1, Issue 12, 1 December 2017,
e001933, https://doi.org/10.3945/cdn.117.001933

An author of an ASN article retains the right to include their article in their thesis or dissertation.
3.1 Abstract
Background: The effects of meal-specific protein quantity and protein distribution
throughout the day on daily food intake are relatively unknown. Objectives: 1) To test whether
the consumption of higher-protein (HP) vs. normal-protein (NP) meals consumed at each eating
occasion reduce free-living, daily carbohydrate and fat intakes in overweight women during
energy balance conditions; and 2) To test whether the distribution of protein consumed
throughout the day affects food intake outcomes. Methods: Seventeen women (age: 33±1y;
BMI: 27.8±0.1kg/m2) completed the following tightly-controlled crossover design study.
Participants were provided and randomly consumed 3, 6-day eucaloric diets containing NP or HP
(15% or 25% of energy as protein, respectively). The protein content within the NP diet was
evenly distributed throughout the day (EVEN, 21±1 g protein/meal), whereas the protein content
within the HP diets were either EVEN (35±1 g protein/meal) or UNEVEN (19±1 g
protein/breakfast; 26±1 g protein/lunch; 63 g protein/dinner). On day 7 of each diet, the
participants were asked to consume the diet-specific absolute protein (g) quantity at each eating
occasion, but were provided with a surplus of carbohydrate and fat-rich foods to consume, ad
libitum, during each eating occasion. Results: Eating more protein (HP vs. NP) or evenly
distributing protein throughout the day (HP-EVEN vs. HP-UNEVEN) did not reduce the
consumption of ad libitum fat and carbohydrate-rich foods throughout the day: NP-EVEN:
2850±240 kcal/d; HP-EVEN: 2910±240 kcal/d; HP-UNEVEN: 3160±200 kcal/d. Despite the
lack of differences in daily energy intake, the breakfast meal within the HP-EVEN diet led to
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lower ad libitum carbohydrate and fat intakes compared with the breakfast meals in the NPEVEN and HP-UNEVEN diet conditions (p<0.05). Conclusions: Providing 30 g protein/meal at
each eating occasion throughout the day did not influence free-living, daily intake of highly
palatable, carbohydrate and fat-rich foods in overweight women. Clinical Trials:
#NCT02614729, clinicaltrials.gov
3.2 Keywords
Key words: High-protein diets, food choice, food intake, ad libitum, protein distribution,
overweight, women
3.3 Introduction
Over the past 10 years, a myriad of acute studies have been completed to identify the
effects of consuming single, higher-protein (HP) versus normal-protein (NP) meals on appetite
control, satiety, and subsequent food intake [3, 7]. The majority of studies detect postprandial
increases in satiety, as demonstrated through increased postprandial fullness and PYY responses,
following the consumption of HP vs. NP meals [3, 7]. Despite the consistent satiety effects,
<20% of these studies report reductions in energy intake at the next eating occasion following
the HP vs. NP meals [3]. The disconnect between the satiety and energy intake data lend further
support that postprandial appetitive sensations do not serve as a proxy for subsequent food intake
[105].
Alternatively, it has also been suggested that assessing subsequent food intake during a
single ad libitum homogeneous test meal or assorted buffet within a laboratory setting is not
generalizable to the habitual consumption of meals across the day in a free-living environment
[8]. However, limited data exist with respect to whether increased protein consumption at each
eating occasion reduces ad libitum food intake across the entire day.
Another important factor for consideration is the amount of protein provided within each eating
occasion. A retrospective analysis from our laboratory suggests that the consumption of 30 g
protein in a single meal elicits greater satiety compared to quantities ranging from 15-25 g
protein [4]. Whether the consumption of 30 g protein consumed during single eating occasions
reduces within-meal and end-of-meal food intake of other foods has not been examine in the
current literature.
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Thus, the purpose of this study was to examine the effects of protein quantity and protein
distribution, with focus on 30 g protein during breakfast, lunch, and dinner, on free-living, ad
libitum carbohydrate and fat intakes during energy balance conditions in healthy, overweight
women.
3.4 Methods
3.4.1 Experimental Design
A randomized crossover design study was completed in overweight, sedentary but
otherwise healthy women. Seventeen participants completed 3, 6-day tightly-controlled
eucaloric diets containing NP or HP (15% or 25% of daily energy from protein, respectively) in
one of six randomized orders. The protein content within the NP diet was evenly distributed
throughout the day (EVEN), whereas the protein content within the HP diets were either EVEN
or unevenly distributed (UNEVEN) with less protein consumed in the morning and greater
quantities consumed at dinner. The UNEVEN protein content distribution was representative of
typical protein intake patterns observed in the United States [17]. On day 7, absolute protein (g)
consumption was maintained within each respective diet but carbohydrate and fat-rich foods
were provided, ad libitum, as ‘side dishes’ and ‘desserts’ within a free-living environment. Meal
and daily energy and macronutrient content were assessed. Each of the diets occurred during the
follicular phase of the menstrual cycle; thus, there were 2-3 week washout periods between diets.
The diet randomization scheme was determined using Research Randomizer
(www.researchrandomizer.org) [106].
3.4.2 Study Participants
From January 2014 to May 2015, healthy, sedentary, but overweight women were
recruited through advertisements, flyers, and e-mail listservs to participate in the study.
Participants were eligible to participate if they met the following criteria: 1) female; 2) age 18-52
y; 3) overweight (BMI: 25-29.9 kg/m2); 4) sedentary: <8,000 steps/d; 5) normal menstrual
cycles (between 26-32 days; 5 in past 6 months); 6) non-smoking (for the past year); 7) no
metabolic, hormonal, and/or neural conditions/diseases that influence metabolism, appetite, or
cognition; 8) no past history of surgical interventions for the treatment of obesity; 9) no weight
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loss/gain (≥4.5 kg in the past 6 months); 10) no medication that would influence directly appetite
or cognition; 11) no change in any medications (over the past 3 months); 12) consumes ≤ 800 mg
caffeine/day and of this, ≤260 mg caffeine consumed prior to lunch; 13) not pregnant (or
planning to become pregnant); 14) not currently and/or previously on a specific diet including
high protein, vegan, vegetarian, etc.; 15) conventional (typical) and consistent sleep patterns (i.e.,
awake hours between 5 am – 11 pm with no afternoon naps; rates quality of sleep as Fairly to
Very Good on the Pittsburg Sleep Quality Index (PSQI)); and averages ≥ 6 sleep hours/night
over the past month; 16) not clinically diagnosed with an eating disorder; 17) displays a score of
<4 on the Three Factor Eating Habits Questionnaire; 18) displays a Profile of Mood States 2nd
Edition Depression-Dejection Scale score within 1.5 SD of the age, gender, and racial-specific
normative mean [107, 108]; 18) no allergies and/or aversions to the study foods; 19) no history
of drug or alcohol abuse; 20) habitually consumed breakfast, lunch, and dinner; and 21) willing
to maintain current inactivity patterns throughout the study; and 22) generally healthy, as
assessed from the medical history questionnaire.
Women were the target population in this study to maintain a single gender population
since it has been demonstrated that ingestive behavior differs among men and women [109, 110].
Additionally, women typically have a lower consumption of daily protein intake and consume
less animal-based proteins [111]; thus examining the effects of increased animal-based protein
consumption in women is warranted.
Fifty women were screening for the study; 17 met the screening criteria and signed the
study consent, and 16 completed all study procedures. Participant characteristics of those who
completed the study are presented in Table 3-1. In general, the women were healthy, sedentary,
and overweight. Study purpose, procedures, and risks were explained prior to participants
signing the consent forms. The Institutional Review Board approved this study, and all
procedures were followed in accordance with the ethical standards of the Institutional Review
Board. The participants were compensated for completing all study procedures. The study was
registered at clinicaltrials.gov (#0039674).
3.4.3 Baseline
To establish energy needs, the participants reported to our facility over a 5-day period to
complete the following procedures. During visit 1, the participants arrived in the morning in a
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fasted condition and height and weight were measured. A questionnaire documenting prior
night’s sleep was completed, and they were given an accelerometer (BodyMedia Sense Wear,
Pittsburgh, PA) to wear on the non-dominant arm over the next 3-consecutive days to estimate
physical activity and sleep duration. The participant was then taken to a self-contained,
comfortable, quiet, dimly-lit room for the resting metabolic rate (RMR) measures. The
participants were placed in a reclined position and acclimated to room temperature, etc. for 30
min. RMR was then measured over a 30-min period using an indirect calorimetry metabolic cart
and metabolic hood (Parvo Medics; Sandy, UT). Over the next 2 days, the participants
continued to wear the accelerometer. The resting energy expenditure and accelerometer data
were used to estimate eucaloric daily intake (Table 3-1). The energy requirements were
estimated to the nearest 100 kcals/d and used for the development of the diets. In addition, for 3
days (2 week days and 1 weekend day) the participants completed multi-pass dietary recalls to
assess eating patterns and macronutrient content of their habitual diets (Table 3-1).
3.4.4 Dietary Treatments
The participants completed the following tightly-controlled feeding study in which 3
eucaloric diets were provided for 6 days/diet (Table 3-2). The NP diet contained 15% of daily
energy as protein, 55% as carbohydrates, and 30% as dietary fat. The HP diets contained 25% of
daily intake as protein, 45% as carbohydrates, and 30% as fat. The EVEN patterns included
protein distribution of 27% protein within each meal and the remaining 17% within the evening
snack. The UNEVEN pattern included protein distribution of 15% protein at breakfast, 20% at
lunch, 50% at the dinner meal, and 15% during the evening snack. All diets included similar
protein types with 60% of protein within the diets as beef proteins and 40% from mixed plant
proteins (primarily soy and gluten). Participants picked up the meals on the day prior to each 7day testing period, and re-heating instructions were provided. As a measure of compliance, the
participants were required to complete meal/snack-specific food inventory logs. The logs also
provided instruction for when the meals and snack were to be consumed. Additionally,
participants were instructed to consume only foods provided to them, document all deviations
(i.e., foods not consumed or extra foods consumed), and return all wrappers and uneaten foods.
For all study days, breakfast was consumed within 1 h after waking; lunch was consumed 4 h
after breakfast; dinner was consumed 4 h after lunch; and the evening snack was consumed 2 h
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after dinner. Baseline dietary recall data indicated all inter-meal intervals for participants were 4
h ± 1 h. Lastly, participants reported no concerns when adhering to the 4 hour inter-meal
intervals during the 6-d acclimation periods of each treatment.
3.4.5 Free-living, ad libitum feeding design
On day 7 of each pattern, each participant completed a free-living, ad libitum testing day.
Within each eating occasion, the participants were required to consume the same absolute protein
(g) quantity provided on days 1-6 during each respective treatment (Table 3-2). In addition to
consuming the required protein, the participants were provided with an excess of carbohydrate
and fat-rich foods and were permitted to consume these, ad libitum, within each meal.
Participants were provided with meal/snack-specific food inventory logs and instructed to
consume the meals at the same times as day 1-6. Within the instructions, the participants were
required to only consume the respective foods within each meal time and then instructed to not
eat those foods at any other time throughout the testing day (i.e., the breakfast skillet was only
allowed to be consumed at breakfast, etc.). Participants were asked to keep and return all
uneaten foods and to not share their study foods. The foods and packaging were weighed prior
to packout and re-weighed upon completion of day 7.
3.3.6 Power, Data, and Statistical Analyses
The differential response in daily energy intake from Weigle et al. [112] following the
consumption of NP or HP control diets vs. an HP ad libitum diet was utilized to determine
sample size estimates for the current study. The -472 ± 90 kcal reduction in daily intake
following the HP ad libitum diet vs. the NP control diet led to an effect size (d) of 1.17 and
indicates that a sample size of n=10 would provide over 80% power to detect differences in daily
intake. Further, the -441 ± 61 kcal reduction in daily intake following the HP ad libitum diet vs.
HP control diet led to an effect size (d) of 1.08 and indicates that a sample size of n=11 provides
over 80% power to detect differences in daily intake. Thus the inclusions of n=16 within the
current study is sufficient to detect significant differences in our primary outcome of daily
energy intake.
Summary statistics (sample means and standard errors of the means) were computed for
the following data: energy consumed within the required protein foods; ad libitum carbohydrate
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and fat foods; and total foods within each eating occasion and across the day. In addition, the ad
libitum foods were categorized into ‘side dishes’ consumed with the protein foods and ‘dessert’
foods consumed at the end of the meal. A repeated measures ANOVA was applied to identify
main effects of protein quantity and protein distribution for all outcomes. When main effects
were detected, pairwise comparisons were performed to identify differences between treatments.
Analyses were conducted using the Statistical Package for the Social Sciences (SPSS; version
23.0; Chicago, IL, USA). P<0.05 was considered statistically significant.
3.4 Results
Daily intake for each single-day, ad libitum testing period (day 7) is shown in Table 3-3.
By design, daily protein intake was greater with the HP-EVEN and HP-UNEVEN vs. NP-EVEN
diet (both, p<0.05) with no differences between HP diets. However, eating more protein during
each meal did not spontaneously reduce ad libitum energy consumed from fat and carbohydraterich foods. In addition, protein distribution had no effect on daily ad libitum fat and
carbohydrate intakes. When categorizing the fat and carbohydrate-rich foods, no differences in
the consumption of within-meal ‘side dishes’ or end of meal ‘desserts’ were detected between
diets (data not shown.) Lastly, no differences in daily food intake were detected between diets.
Specific meal comparisons were also performed and are illustrated in Figure 3-1. Again,
by design, protein intake was greater at breakfast, lunch, and dinner following the HP-EVEN vs.
NP-EVEN diet (p<0.05), whereas the HP-UNEVEN displayed lower protein intake at breakfast
and greater intake at dinner vs. HP-EVEN (both, p<0.05). Although no differences in ad libitum
consumption of carbohydrate and fat-rich foods were detected within the lunch and dinner meals
of the study diets, the consumption of more protein at breakfast within the HP-EVEN diet led to
lower carbohydrate and fat consumption at breakfast vs. the NP-EVEN (trend, p=0.06) and HPUNEVEN (p<0.05). Lastly, total energy at dinner was greater following the HP-UNEVEN vs.
the NP-EVEN and HP-EVEN (both, p<0.05). No other differences were detected.
3.5 Discussion
Protein quantity and distribution across the day had no significant effect on daily
consumption of ad libitum carbohydrate and fat-rich foods during sub-chronic energy balance in
overweight women. Although daily ad libitum carbohydrate and fat-rich food consumption was

49
not different between the diets, a modest reduction in carbohydrate and fat-rich foods was
observed within the HP breakfast meal vs. NP breakfast meals, lending continued support for the
benefits of consuming increased dietary protein during the first eating occasion of the day.
Longer-term studies containing ad libitum assessments of within-meal ‘side dishes’, end-of-meal
‘desserts’ and between-meal ‘snack’ comparisons are necessary to elucidate the effects of protein
on reductions in daily food intake proposed as a potential mechanism to explain improved body
weight management, as has been reported for consumption of HP diets [3].
A few studies have assessed the effects of increased dietary protein on ad libitum food
intake across the day [112, 113]; however, the experimental designs within these studies were
quite different to the current study. As described in Skov et al. [113], 65 overweight and obese
adults completed a randomized controlled trial in which they were prescribed a 6-month diet
with macronutrients set at specific percentages while energy content of the diet varied. The HP
diet consisted of 30% protein, 40% carbohydrates, and 30% fat, whereas the NP diet consisted of
12% protein, 58% carbohydrates, and 30% fat. Because the participants were required to
maintain specific macronutrient ratios, they were unable to select macronutrient-specific foods
within a given meal. Thus, the ad libitum component included the ability to eat more (or less) of
the ‘homogeneous’ study foods to assess energy content changes while maintaining specific
macronutrient ratios. The HP diet led to voluntary reductions in daily (energy) intake of
approximately 450 kcal/d vs. the NP diet [113]. More recently, Weigle et al., [112] completed a
prospective study in which 19 adults were prescribed an HP diet with a macronutrient
composition of 30% protein, 50% carbohydrate, and 20% fat for 12 weeks. Again, like Skov et
al. [113], macronutrient composition was maintained over the study period; however, the
participants were permitted to consume more (or less) of the study foods. Daily food intake
decreased by 441±63 kcal/following the HP diet.
The current study design did not lead to reductions in daily (energy) intake following the
HP vs. NP diets. Potential reasons for the discrepant findings may be due to the experimental
design differences. First, the current study included a sub-chronic design with 6-days of
controlled energy balance before each test day, unlike Skov et al. and Weigle et al. which were 6
months and 12-weeks, respectively [113]. The shorter timeframe of the current study may not
have been long enough to elicit changes in ad libitum food intake in response to increased dietary
protein. While speculative, it is also plausible that the ability to choose highly palatable, high fat
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and/or high carbohydrates foods in an ad libitum fashion within the current study allowed the
hedonic, reward cues to override satiety to promote (over) eating [114]. The high palatability
and reward associated with carbohydrate and fat-rich foods has been reported as an underlying
cause for non-homeostatic (over) eating [115]. More work is required to explore this concept.
Although increased protein consumption throughout the day did not reduce daily
carbohydrate and fat intake, modest reductions were detected within the HP breakfast meal.
These data are in-line with our previous work illustrating greater postprandial satiety following
HP breakfast meals compared to when protein was consumed at lunch or dinner [17]. The lack
of reduction in daily intake in the current study might have been due to the absence of snacking
opportunities – which has been shown to be reduced following the habitual consumption of HP
breakfasts [116, 117].
Along these lines, there has been an increased focus on the distribution of protein across
the day as most Americans consume well below the 30 g protein recommendation at the
breakfast meal and well above this amount at dinner [118]. Protein consumption also tracks total
energy consumed at each meal with greater energy consumed at the dinner meal and less
consumed at breakfast [118]. The women in the current study also displayed an UNEVEN
dietary pattern at baseline with greater energy consumed at dinner and lower energy at breakfast
(Table 3-1). Protein distribution patterns at baseline were also similar to that of the UNEVEN
pattern with ~48% of protein consumed at dinner and ~12% at breakfast. Due to the satiety
effects of 30 g protein [4], we hypothesized that the HP-EVEN pattern would reduce ad libitum
intake vs. HP-UNEVEN. However, no differences in ad libitum carbohydrate and fat intake or
daily intake were detected between the HP distribution patterns. Interestingly, regardless of
protein distribution, the participants voluntarily ate more food at dinner compared to breakfast,
with lunch energy intake being intermediate. Thus, the addition and redistribution of protein was
not an effective strategy to alter habitual UNEVEN eating patterns. Instead of targeting an
EVEN distribution pattern, there is some, albeit limited, data supporting an UNEVEN pattern
that is skewed towards the consumption of more energy in the morning and less in the evening
for greater weight loss compared to the UNEVEN pattern in the current study [119]. Future
studies including this type of distribution in addition to increased dietary protein are needed to
explore these strategies for weight management.
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3.6 Limitations
The current study included intervention periods of 6 days/diet; thus, it is unclear as to
whether the habitual consumption of increased dietary protein, evenly consumed across the day
would elicit improvements in daily food intake over the long-term.
Our experimental design did not allow for the examination of inter-meal ad libitum
snacking as the ad libitum carbohydrate and fat-rich foods were provided within each meal and
at the very end of the meal. All participants within this study demonstrated snacking behavior at
baseline, contributing to an average of 16.5 ± 9.2 percent of total daily energy intake as snacks.
The satiety effects of protein typically remain as long as 4 hours after a meal; thus, the inclusion
of ad libitum snacking occasions between meals may have yielded different findings between the
NP vs. HP diets.
Additionally, the participants consumed ~900 more calories during day 7 than what they
habitually consume. It is well-documented that overeating occurs when the variety of the food
provided is increased [120]. Specifically, dopamine-stimulated food motivation is increased in
response to novel food exposure and contributes to the increases in energy intake when a variety
of new foods are present [120]. Thus, it is possible that the novel foods presented within the ad
libitum testing day 7 increased daily energy intake.
Postprandial appetite and satiety assessments were not completed during the free-living,
ad libitum testing day for the following reasons. Based on the impact of external/environment
cuing on ingestive behavior [121], it is possible that the continual acknowledgement of one’s
perceived hunger or fullness state (every 10-30 minutes throughout the day) might alter
subsequent food intake. Thus, we chose to reduce any effects of appetitive cuing and to
assimilate the free-living environment typically void of these types of questions.
Finally, although power for this study was appropriately calculated based on published
evidence [112], the experimental design of the referenced study was of longer duration (i.e., 12
weeks). Although similar reductions in daily intake were also detected within 24 h of following
the HP ad libitum diet in the referenced study, it is possible that the current study was
underpowered to detect differences in daily intake.
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3.7 Conclusions
These data suggest that protein quantity and protein distribution across the day have little
impact on free-living, single-day, ad libitum food intake of highly palatable, carbohydrate and
fat-rich foods in overweight women. Longer-term studies examining the effects of protein
quantity and distribution that assess within-meal, end-of-meal, and between-meal eating
behaviors and food preferences are needed to identify the protein-related mechanisms of
improved weight management observed with HP diets.
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Table 3-1: Subject characteristics of the women who completed the study1
Demographic Information

Mean ± SEM
Sample size (n)
Age (y)

16
34 ± 2

Weight (kg)

77.0 ± 1.8

Height (cm)

167 ± 1

BMI (kg/m2)

27.7 ± 0.4

Habitual Activity (steps/d)

6270 ± 2180

Weight Stable Energy Needs (kcal/d)

1970 ± 120

Three-Factor Eating Questionnaire (au)

2.6 ± 0.1

Habitual Sleep (h/night)

7.5 ± 0.7

Habitual Dietary Information1
Total Energy Intake (kcals/d)

Morning Intake (% total energy intake)

20 ± 3

Midday Intake (% total energy intake)

28 ± 2

Afternoon/Evening Intake (% total energy intake)

52 ± 3

Protein (g)

80 ± 5

(% total energy intake)

16 ± 0

Morning Intake (% of total energy as protein)

17 ± 3

Midday Intake (% of total energy as protein)

33 ± 3

Afternoon/Evening Intake (% of total energy as protein)

50 ± 3

CHO (g)

1

2060 ± 140

234 ± 17

(% total energy intake)

46 ± 1

Fat (g)

89 ± 7

(% total energy intake)

39 ± 1

Values are means ± SEMs unless otherwise indicated, n = 16. Intake assessed from 3-day dietary recalls
at baseline. Data calculated using Mifflin St. Jeor, activity factor of 1.35 [122]
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Table 3-2: Dietary characteristics of the study diets during days 1-6 in 16 women1
NP-EVEN

HP-EVEN

HP-UNEVEN

(mean ± SEM)

(mean ± SEM)

(mean ± SEM)

560 ± 10

560 ± 10

550 ± 10

Total Protein (g)

21 ± 1

35 ± 1

19 ± 1

Carbohydrates (g)

77 ± 1

63 ± 1

78 ± 1

Fat (g)

19 ± 1

19 ± 1

19 ± 1

560 ± 10

570 ± 10

560 ± 10

Total Protein (g)

21 ± 1

35 ± 1

26 ± 1

Carbohydrates (g)

77 ± 1

63 ± 1

72 ± 1

Fat (g)

19 ± 1

19 ± 1

19 ± 1

560 ± 10

570 ± 10

570 ± 10

Total Protein (g)

22 ± 1

35 ± 1

63 ± 1

Carbohydrates (g)

76 ± 1

63 ± 1

63 ± 1

Fat (g)

19 ± 1

19 ± 1

19 ± 1

330 ± 10

320 ± 10

320 ± 10

Total Protein (g)

12 ± 1

20 ± 1

19 ± 1

Carbohydrates (g)

44 ± 1

36 ± 1

36 ± 1

Fat (g)

11 ± 1

11 ± 1

11 ± 1

2010 ± 10

2020 ± 10

2000 ± 10

Total Protein (g)

77 ± 1

125 ± 1

127 ± 1

Carbohydrates (g)

274 ± 1

225 ± 1

221 ± 1

Fat (g)

68 ± 1

68 ± 1

67 ± 1

68 ± 4

62 ± 4

64 ± 4

Breakfast
Energy Content (kcal)

Lunch
Energy Content (kcal)

Dinner
Energy Content (kcal)

Evening Snack
Energy Content (kcal)

Daily Intake
Energy Content (kcal)

Diet Palatability (mm)2
1

Values are means ± SEMs unless otherwise indicated, n = 16. 2Visual analog scale of 1-100 mm was
included with end anchors of 1=extremely dislike and 100 extremely like.
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Table 3-3: Daily food intake throughout the free-living Day 7 in 16 women1
NP-EVEN
HP-EVEN

HP-UNEVEN

(mean ± SEM)

(mean ± SEM)

(mean ± SEM)

Energy (kcal)

509 ± 3a

771 ± 10b

744 ± 16b

Protein (g)

64 ± 1a

102 ± 1b

100 ± 2b

CHO (g)

21 ± 1a

26 ± 1b

23 ± 1a

Fat (g)

14 ± 1a

26 ± 1b

26 ± 1b

2340 ± 230a

2140 ± 230a

2410 ± 210a

34 ± 3a

31± 4a

35 ± 3a

CHO (g)

338 ± 34a

317 ± 34a

349 ± 28a

Fat (g)

96 ± 10a

85 ± 10a

99 ± 10a

2850 ± 240a

2910 ± 240a

3160 ± 200a

98 ± 3a

134 ± 4b

135 ± 2b

CHO (g)

359 ± 34a

343 ± 34a

372 ± 28a

Fat (g)

111 ± 10a

111 ± 10a

125 ± 9a

Required Foods Consumed

Ad Libitum Foods Consumed
Energy (kcal)
Protein (g)

2

Total Foods Consumed
Energy (kcal)
Protein (g)

1

Values are means ± SEMs unless otherwise indicated, n = 16. Data across columns compared; Repeated
measures ANOVA with post-hoc pairwise comparisons; different letters denote significance, p<0.05
2
Total Foods Consumed = Required Foods + Ad Libitum Foods
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CHAPTER 4. INCREASED PROTEIN CONSUMPTION DURING THE
DAY FROM AN ENERGY-RESTRICTED DIET AUGMENTS SATIETY
BUT DOES NOT REDUCE DAILY FAT OR CARBOHYDRATE INTAKE
ON A FREE-LIVING TEST DAY IN OVERWEIGHT WOMEN
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4.1 Abstract
Background: Higher-protein (HP) energy-restriction diets improve weight management to
a greater extent than normal-protein (NP) versions. Potential mechanisms-of-action assessing
eating behaviors across the day have not been widely examined during energy restriction.
Objectives: 1) The objectives of this study were to test whether the consumption of a HP energyrestriction diet reduces carbohydrate and fat intake through improvements in daily appetite,
satiety, and food cravings vs. NP versions; and 2) to test whether protein type within the NP diets
alters protein-related satiety. Design: Seventeen overweight women (age: 36±1 y; BMI: 28.4±0.1
kg/m2) completed a randomized, controlled-feeding, cross-over study. Participants were provided
with the following 6-d, ~1250 kcal/d; -750 kcal/d kcal energy-restriction diets: HP [124g
protein/d; 60% from beef and 40% from plant-sources (BEEF)] or NP [48g protein/d] that was
protein-type matched (BEEF) or unmatched [100% from plant-based sources (PLANT)]. On day
6 of each diet, participants completed a 12-h testing day containing repetitive appetite, satiety,
and food craving questionnaires. On day 7, the participants were asked to consume their protein
requirement within each respective diet but were provided with a surplus of carbohydrate and
fat-rich foods to consume, ad libitum, at each eating occasion across the day. All outcomes
reported were primary study outcomes. Results: HP-BEEF reduced daily hunger by 16%, desireto-eat by 15%, prospective-food-consumption by 14%, and fast-food cravings by 15% but
increased daily fullness by 25% vs. NP-BEEF and NP-PLANT (all, p<0.05). However, eating
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more protein throughout the day did not reduce the energy consumed from the ad libitum fat and
carbohydrate-rich foods (HP-BEEF: 2000±180 kcal/d; NP-BEEF: 2120±190 kcal/d; NP-PLANT:
2070±180 kcal/d). No differences in any study outcomes were detected between NP-BEEF vs.
NP-PLANT. Conclusions: Although appetite control, satiety, and food cravings were improved
following a higher-protein, energy-restriction diet, increased protein consumption did not reduce
free-living carbohydrate and fat intake throughout the free-living test day in overweight, healthy
women exposed to highly palatable foods. Clinical Trials: #NCT02614729, clinicaltrials.gov
4.2 Keywords
Key words: High-protein diets, satiety, food choice, energy restriction, ad libitum
4.3 Introduction
The movement to adopt healthful lifestyle practices to reduce the prevalence of noncommunicable diseases, including obesity and diabetes, has garnered global interest [1]. As
such, the desire to consume more protein-rich foods is a commonly used strategy due to the
documented improvements in weight management observed with higher-protein (HP) vs.
normal-protein (NP) diets [2-5]. These improvements have been demonstrated in HP diets
ranging from 1.2-1.6 g protein•kg body weight-1•d-1 [6]. One postulated mechanism through
which increased protein intake leads to greater weight (and fat) losses includes the improvements
in ingestive behavior [3], through increased satiation, which is the process of meal termination,
and increased satiety, which is the process to prevent further eating following a meal/snack
[123].
A recent review including 24 acute trials found that the consumption of ≥ 28 g
protein/meal consistently increased satiety, as illustrated by increased postprandial fullness
compared to lower protein quantities [3]. This was also supported by a recent meta-analysis
assessing the impact of HP meals on postprandial fullness [124]. While a majority of the acute
trials do not report protein intakes on a g protein•kg body weight-1•d-1 basis, ~30 g protein
consumed at every meal across the day for the average female would fall within the protein range
listed above for weight management (i.e., 1.5-1.6 g protein•kg body weight-1•d-1). Regardless of
these findings, several knowledge gaps remain with respect to the effect of protein on satiety.
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First, the majority of published studies assessing satiety include acute, single day
breakfast meal designs. This approach may reduce the validity of the data due to the
unfamiliarity of the HP test meal since breakfast is typically lower in protein [3, 4]. Further, it is
unclear as to whether the satiety effects following a single meal are representative of each eating
occasion throughout the day.
Most studies also fail to include protein type-matched HP vs. NP comparisons [125-135].
Due to the varying amino acid compositions within plant and animal proteins, and the potential
subsequent effects on appetite and satiety [15, 136-142] these studies fail to assess a true protein
quantity effect due to the varying protein sources included.
Lastly, the published acute studies comparing HP vs. NP meals are primarily performed
during energy balance conditions [9, 10, 12-15, 116]. Since energy restriction/weight loss is
often accompanied by elevated hunger and blunted satiety there is an increased inability to
maintain energy restriction. Thus, it is unclear as to whether increased protein consumption
throughout the day counteracts the elevated hunger and can improve satiety to achieve increased
dietary compliance during energy restriction.
Thus, the primary aim of this study was to examine the effects of consuming protein
type-matched HP vs. NP diets on daily satiety during sub-chronic energy restriction, defined as 7
days of reduced caloric intake of -750 kcal/d, in overweight women. Additionally, since protein
type may have the most robust effect on satiety when protein is provided in smaller amounts
[143], a secondary aim of this study was to examine the satiety effects of consuming NP-PLANT
vs. NP-BEEF diets.
Finally, there is also a lack of assessment of ad libitum daily food intake following HP vs.
NP diets. The limited evidence is a result of the tightly-controlled nature of most long-term diet
studies and the lack of daily food assessments within acute meal studies. While a few studies
illustrate reduced daily energy intake following HP vs. NP diets [3, 144], it is unclear whether
this occurs through reductions in high fat/high carbohydrate foods consumed as between-meal
snacking, within-meal ‘sides’, or end-of-meal desserts, etc. Thus, although exploratory, this
study also assessed the potential effects of protein consumption on within-meal and end-of-meal
ad libitum fat and carbohydrate intake throughout multiple eating occasions across the day.
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4.4 Methods
4.4.1 Experimental Design
A sub-chronic, tightly-controlled randomized crossover design study was performed in
overweight, sedentary [145], but otherwise healthy women. Seventeen women randomly
consumed the following three, isocaloric energy restriction diets (~1250 kcal/d (i.e., -750 kcal/d
deficit)) for 7-days/diet: HP, defined as 39% daily energy as protein (124 g protein/d) with 60%
of protein from beef and 40% from plant-sources (BEEF), or NP, defined as 15% of daily energy
as protein (48g protein/d) that was protein-type matched (BEEF) or unmatched [100% from
plant-based sources (PLANT)]. During the first 5 days of each diet, the participants were
provided with the respective breakfast, lunch, and dinner meals plus an evening snack and asked
to consume these at home or work. On day 6 of each diet, a tightly controlled 12-h testing day
was completed consisting of appetite, satiety, and food cravings assessments performed every
30-min. On day 7, absolute protein (g) consumption was maintained within each respective diet
but carbohydrate and fat-rich foods were provided ad libitum within a free-living environment.
There is evidence to support that appetite control and food intake are impacted by
hormonal fluctuations that occur throughout the menstrual cycle [146]. Thus, to maintain
consistency with respect to these hormonal fluctuations, each of the 7-day diets occurred during
the follicular phase of the menstrual cycle or during the placebo phase for those using hormonal
contraceptives; thus, there were 2-3 week washout periods between diets.
4.4.2 Study Participants
From January 2014 to May 2015, healthy, sedentary, but overweight women were
recruited from the Columbia, MO, area through advertisements, flyers, and e-mail listservs to
participate in the study. Participants were eligible to participate if they met the following
criteria: 1) female; 2) age 18-52 y; 3) overweight (BMI: 25-29.9 kg/m2); 4) sedentary (<8,000
steps/d); 5) normal menstrual cycles (between 26-32 days; 5 in past 6 months); 6) non-smoking
(for the past year); 7) no metabolic, hormonal, and/or neural conditions/diseases that influence
metabolism, appetite, or cognition; 8) no past history of surgical interventions for the treatment
of obesity; 9) no weight loss/gain (≥4.5 kg in the past 6 months); 10) no medication that would
influence directly appetite or cognition; 11) no change in any medications (over the past 3
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months); 12) consumes ≤ 800 mg caffeine/day and of this, ≤260 mg caffeine consumed prior to
lunch; 13) not pregnant (or planning to become pregnant); 14) not currently and/or previously on
a specific diet including high protein, vegan, vegetarian, etc.; 15) conventional (typical) and
consistent sleep patterns (i.e., awake hours between 5 am – 11 pm with no afternoon naps; rates
quality of sleep as Fairly to Very Good on the Pittsburg Sleep Quality Index (PSQI)); and
averages ≥ 6 sleep hours/night over the past month; 16) not clinically diagnosed with an eating
disorder; 17) displays a score of <4 on the Three Factor Eating Habits Questionnaire (TFEQ);
18) displays a Profile of Mood States 2nd Edition (POMS2; 60-item) Depression-Dejection Scale
score within 1.5 SD of the age, gender, and racial-specific normative mean [107, 108]; 19)
obtained a “Yes” on the validity indicator and displayed a score of >70 (>2%) on the CNS Vital
Signs Test Battery for Cognitive Function (Morrisville, NC); 20) no allergies and/or aversions to
the study foods; 21) no history of drug or alcohol abuse (i.e., >14 drinks/week, where 15g
ethanol/drink); 22) willing to maintain current inactivity patterns throughout the study; 23)
willing to consume all study treatments; 24) habitually consumes breakfast, lunch, and dinner;
and 25) generally healthy, as assessed from the medical history questionnaire.
Women were the target population in this study since they typically have a lower
consumption of daily protein and animal-based proteins [111] but also report a higher propensity
to consume a plant-based diet [147].
Over 146 women attended a study information session with the intent to participate; 17
met the screening criteria, signed the study consent, and completed the study procedures
(Supplemental Figure 4-1). Participant characteristics are presented in Table 4-1. Study
purpose, procedures, and risks were explained prior to participants signing the consent forms.
The University of Missouri Health Sciences Institutional Review Board approved this study, and
all procedures were followed in accordance with the ethical standards of the Institutional Review
Board. The participants received a $350 stipend for completing each 7-d diet.
4.4.3 Dietary Treatments (Days 1-6)
Weight-stable energy needs, expressed as kcal/d, were estimated for each participant
using the Mifflin St. Jeor equation with an activity factor of 1.35 (i.e., no exercise – little/light
exercise) for all participants [148] (Table 4-1). In addition, participants completed 3-day dietary
recalls to identify habitual energy content and macronutrient composition (Table 4-1).
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For 6 days/treatment, participants were placed in an energy restriction, which reduced individual
daily intake by approximately (-) 750 kcals of weight-stable energy needs. The energy and
macronutrient content of each treatment are shown in Table 4-2, and the menu examples for
days 1-6 are reported in Supplemental Table 4-1.
The participants were provided with 3 daily meals (i.e. breakfast, lunch, and dinner) and
an evening snack. Each meal contained 28% of daily energy, whereas the evening snack was
16% of daily energy. The HP-BEEF diet contained 124 g protein/d, 60% of protein from beef
and 40% from plant-sources. The meals within the HP-BEEF diet pattern were designed such
that participants would consume at least 30 g protein/meal which is an amount proposed to serve
as a satiety threshold within a mixed meal paradigm [149]. In addition, the two NP diets, protein
type matched and unmatched, contained 48 g protein/d as either BEEF or 100% from plant-based
sources (PLANT). The rationale behind the inclusion of two NP diets was to determine whether
protein type provided within the lower range of protein intakes (i.e., NP diets) influences satiety
and ingestive behavior.
Lastly, we chose to include lean beef as the animal-based protein source within this study
for several reasons. Lean beef in a low-saturated fat, heart-healthy diet has been shown to
promote cardiovascular health outcomes [150]. Further, beef is a high quality animal protein that
has been included within our previous studies with excellent compliance [116, 151]. It has also
been reported that women typically consume less total protein and less meat compared to men
[111] and have a higher propensity to consume vegetarian or vegan diets [147]. Thus, we
wanted to explore whether the increase in animal-based proteins improves ingestive behavior
outcomes in a population where larger quantities of animal-based proteins are not generally
consumed.
All foods within each diet were fully prepared, cooked, and packaged in the metabolic
testing facility. All food ingredients were weighed to the nearest tenth of a gram and were precooked prior to packaging. Participants picked up the meals on the day prior to each 7-day
testing period, and re-heating instructions were provided. As an initial measure of compliance,
the participants were required to complete meal/snack-specific food inventory logs. The logs
also provided instruction for when the meals were to be consumed. Thus, meal timing was set
according to each participant’s habitual weekday breakfast meal time with lunch, dinner, and the
evening snack occurring 4h, 8h, and 10h post-breakfast, respectively. Additionally, participants
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were instructed to consume only foods provided to them, document all deviations (i.e., foods not
consumed or extra foods consumed), and return all wrappers and uneaten foods to be reweighed.
Compliance to the diets were as followed: HP-BEEF: 99.4±1.0%; NP-PLANT: 99.5±0.8%;
and NP-BEEF: 99.6±0.9%.
4.4.5 12-h Controlled-feeding, Clinical Testing Day (Day 6)
On day 6 of each pattern, the participants completed the respective 12-h testing day. The
participants arrived 1-h prior to breakfast, following an overnight fast, and a sleep questionnaire
(modified PSQI, University of Pittsburgh, Pittsburgh, PA) was completed to document priornight‘s sleep pattern. The prior night sleep pattern was determined to be either adequate or
inadequate according to a comparison with baseline measures; if inadequate, the testing day was
rescheduled. The participant was taken to a self-contained, comfortable, quiet, well-lit room and
resided there throughout the testing day. The room contained a reclining chair, lamp, laptop
(with Wi-Fi) and access to a bathroom. If the participant was a documented morning caffeine
user, a 25 mg dose of caffeine was provided as 2.0 g of sugar-free, dairy-free instant coffee in
100 g of water (at -45 min). Water was provided, ad libitum, throughout each testing day. At -30
min, computerized questionnaires assessing appetite and satiety were performed. At time +0
min, the respective breakfast was consumed. Throughout the remainder of the day, the same
computerized questionnaires were repeated. Lunch was consumed at +240 min, dinner was
consumed at +480 min, and an evening snack was consumed at +600 min. A food cravings
questionnaire (Pennington Biomedical Research Center, Baton Rouge, LA) [152] was
completed at +570 min. At +660 min the participants left the facility.
Perceived Appetite, Satiety, and Sensory Questionnaires: Computerized questionnaires
previously utilized [151, 153, 154], assessing perceived sensations (i.e., hunger, fullness, desire
to eat, prospective food consumption) were completed every 30 min throughout the 12-h clinical
testing days. In addition, palatability/food liking (i.e., appearance, aroma, flavor, texture, overall
liking) was completed after the first bite and upon completion of each meal and snack during
each testing day using the following categorical identifiers for the 100 mm VAS recordings: 0
mm (extreme dislike); 1-24 mm (strong dislike); 25-49 mm (slight dislike); 50 mm (neutral); 5174 mm (slight like); 75-99 mm (strong like); and 100 mm (extreme like).
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Food Cravings: The Food Cravings Inventory (FCI) was completed at +540 min (postdinner) and was designed to assess food cravings across the entire day. The FCI is a reliable and
valid self-report measure of general and specific food cravings including cravings for high fat
foods, carbohydrates/starches, sweets, and fast food [152]. The FCI defines a craving as an
intense desire to consume a particular food (or food type) that is difficult to resist. Further, this
questionnaire prompts the participant to report how often (never, rarely, sometimes, often,
always/almost every hour) she experienced a craving for the food throughout the testing day.
4.4.6 Free-living, Ad Libitum Feeding Day (Day 7)
On day 7 of each pattern, each participant completed a free-living, ad libitum testing day
at home and/or work. All food ingredients were weighed to the nearest tenth of a gram and were
pre-cooked prior to packaging. Participants picked up the meals and snack at the end of day 6
for each diet, and re-heating instructions were provided. The participants were provided with and
were required to consume a specific protein quantity based on their current respective diet
treatment. In addition to consuming the required protein, the participants were provided with an
excess of carbohydrate and fat-rich foods (~1500 kcal/meal; 1000 kcal/snack) at each meal and
snack and were permitted to consume these, ad libitum, within a 30 min time period for meals
and 15 min time period for the snack. All ad libitum foods provided were the same foods across
diet treatments. The energy and macronutrient content of the required and ad libitum foods
provided within each eating occasion are shown in Supplemental Table 4-2. Participants were
provided with meal/snack-specific food inventory logs and instructed to consume the breakfast,
lunch, dinner, and evening snack at the same times as days 1-6. Within the instructions, the
participants were required to consume only the respective foods within each meal time and to not
eat those foods at any other time throughout the day (i.e., the banana bread was only allowed to
be consumed at breakfast, etc.). Participants were asked to keep and return all uneaten foods and
to not share their study foods. The foods and containers were weighed prior to packout and reweighed upon completion of day 7.
4.4.7 Power, Data, and Statistical Analyses
Prior to the start of the study, power analyses were performed on daily fullness. The
effect size for HP vs. NP treatments for daily responses of perceived fullness was ES = 0.94 [24],
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indicating that an n=17 provided 90% power to detect differences between treatments. Summary
statistics (sample means and standard error of the means) were computed for the following
primary outcomes: hunger, fullness, desire to eat, prospective food consumption, and food intake
(i.e., meal-specific and daily energy and macronutrient content). Net area under the curve (AUC)
was calculated using the trapezoidal rule [155] for hunger, fullness, desire to eat, and prospective
food consumption. A repeated measures ANOVA was applied to assess main effects of protein
quantity (HP-BEEF vs. NP-BEEF and NP-PLANT) and type (NP-BEEF vs. NP-PLANT) on all
study outcomes.
When main effects were detected, paired-sample t-tests with a Bonferroni correction for
multiple comparisons were applied to compare differences between treatments. Analyses were
conducted using the Statistical Package for the Social Sciences (SPSS; version 24.0; Chicago, IL,
USA). Due to an adjustment for multiple comparisons within each outcome category, P<0.025
was considered statistically significant.
4.5 Results
Appetite Control & Satiety (Day 6)
Figures 4-1 and 4-2 represent the daily appetite and satiety responses following each
study treatment. The line graphs depict the changes across the day and the bar graphs represent
the summation of the responses across the day as AUC.
All study diets led to pre and post-prandial fluctuations in hunger, fullness, desire to eat,
and prospective food consumption across the day. Between diets, HP-BEEF led to reductions in
AUCs for daily hunger, desire to eat, and prospective food consumption as well as increases in
daily fullness (all, p<0.01) compared to the NP-BEEF and NP-PLANT diets. No differences were
detected between the NP treatments.
Food Cravings (Day 6)
Daily food cravings for high fat foods, sweets, carbohydrates, fast food, and total food
cravings are presented in Table 4-3. No differences in daily cravings for high fat foods, sweets,
or carbohydrate foods were observed between diets (Table 4-3). However, the HP-BEEF diet
led to daily reductions in cravings for fast food fats compared to the NP-PLANT and NP-BEEF
diets (p<0.02). Additionally, the HP-BEEF diet led to a decrease in total cravings vs. the NP-
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PLANT diet (p<0.01), but not NP-BEEF diet. No differences were detected between the NP
treatments.
Ad libitum Intake (Day 7)
By design, protein intake was higher at each eating occasion and across the free-living
day following the HP-BEEF diet compared to the NP-BEEF and NP-PLANT diets (both, p<0.01;
Table 4-4). However, eating more protein within each eating occasion did not voluntarily
reduce within-meal fat and carbohydrate-rich food ‘sides’ or end-of-meal desserts (data not
shown). Further, eating more protein did not reduce daily ad libitum energy consumed from fat
and carbohydrate-rich foods. Due to the required increased protein consumed within the HP diet
and the lack of compensation within the ad libitum foods, total daily energy intake was greater
following the HP-BEEF diet vs. NP-PLANT and NP-BEEF diets (both, p<0.01) (Table 4-4). No
differences were detected between the NP treatments.
From a diet perspective, the macronutrient composition from the foods that were actually
consumed on day 7 are as followed within the NP-PLANT, NP-BEEF, and HP-BEEF,
respectively: Protein (% of energy): 15±1%, 14±1%, and 23±1% protein; CHO (% of energy):
54±1%, 50±1%, and 44±1% CHO; Fat (% of energy): 28±1% fat; 33±1%, and 31±1% fat. HPBEEF led to a greater % of protein (p<0.001) and a smaller % of CHO (p<0.001) consumed
throughout the day vs. NP-BEEF and NP-PLANT. No differences in % of energy from fat was
observed between the HP-BEEF vs. NP-PLANT or NP-BEEF diets. Concerning the NP-PLANT
and NP-BEEF comparisons, NP-BEEF had a lower % of energy from CHO but a greater % of
energy from fat vs. NP-PLANT (both, p<0.01).
4.6 Discussion
The suppression of hunger and food cravings concomitant with the promotion of satiety
to reduce the drive to (over)consume are proposed underpinnings for successful weight-loss
observed with HP energy restriction diets. The current study demonstrated that an energyrestriction HP diet, containing approximately 30 g protein at each meal decreased hunger, desire
to eat, prospective food consumption, and food cravings while increasing fullness throughout the
day compared to NP diets matched or unmatched for protein type. However, despite the
improvements in appetite control and satiety, increased protein consumption did not reduce freeliving energy, carbohydrate, or fat intake throughout the day in overweight, healthy women
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exposed to highly palatable foods. Therefore, further investigation is needed to establish
whether the addition of cognitive-behavioral strategies during the consumption of a HP diet
effectively reduces ad libitum food intake during energy restriction.
Limited data exist with respect to the effects of increased protein consumption on freeliving daily intake [156-158]. Skov et al. [157] conducted a six-month randomized control trial
examining two ad libitum fat-reduced diets containing NP or HP (12% vs. 25% energy as
protein, respectively) in healthy, overweight adults. The HP ad libitum diet led to lower total
energy intake vs. the NP ad libitum diet (2,220±100 vs. 2,680±120 kcals/d, respectively; p <
0.001). Weigle et al. [156] conducted a study in which normal to overweight adults completed
12 weeks of following an ad libitum HP diet containing 30% of intake as protein. Daily food
intake was reduced by -440±60 kcal/day following the ad libiutm HP diet. More recently, Blatt
et al. completed an acute crossover design study in which normal weight women consumed ad
libitum meals varying in protein content (i.e.,10-30% of energy as protein) [158]. Varying the
protein content of the ad libitum meals did not decrease energy intake. The current study also
found that the consumption of HP meals did not reduce ad libitum food intake vs. NP versions.
The descrepent findings between studies might have occurred as a result of methodological
differences.
The three published ad libitum feeding studies held proportions of protein,
carbohydrates, and fats constant [156-158], whereas the current study required participants to
consume an absolute protein amount (i.e., 30 g protein/HP meals) and permitted carbohydrate
and fat intake to vary. Thus, whereas the previous studies were only able to compare energy
content differences, the current design allowed for the assessment of energy content and food
choices containing primarily high fat and/or high carbohydrate ‘sides’ and ‘desserts.’
Another difference between the published studies includes the duration of the diet
interventions. The two studies that demonstrated reductions in daily energy intake were longerterm trials of 12 weeks and 6 months, respectively [112, 157]. Thus, it is possible that the
shorter timeframe of Blatt, et al. [158] and the current study were inefficient to detect alterations
in ad libitum feeding in response to increased dietary protein.
The improvements in daily appetite and satiety responses following each meal within the
HP vs. NP diets of the current study corroborate the findings observed within the acute, singlemeal studies [124]. Similarly, several long term, weight loss trials also demonstrated greater
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satiety following the consumption of HP vs. NP diets [159-161]. Thus, it is unclear as to why
the measured improvements in appetite, satiety, and food cravings detected within the HP diet
did not lead to reductions in ad libitum food intake.
The disconnect between the appetite and satiety responses and food intake may have
occurred due to the timing of data collection. The appetite and satiety responses were collected
on Day 6, whereas the ad libitum food intake assessments occurred on Day 7. Thus, the design
does not allow for the direct comparison of these outcomes.
It is also possible, albeit relatively unexplored, that the satiety signals following protein
consumption do not override other cognitive-behavioral inputs controlling food intake and food
choices during sub-chronic energy restriction. For example, although the participants were
placed on an energy restriction during days 1-6, they did not receive recommendations to adhere
to (or be mindful of) their energy restriction during the ad libitum testing on day 7. Thus, when
left to their own ad libitum food choices, the participants, regardless of protein intake, consumed
approximately 1100 more kcals from fat and carbohydrates on day 7 compared to the prescribed
diet on days 1-6. Although the appetite and satiety data support reductions in overall food
intake, this did not occur. These results parallel that which is commonly observed in free-living
conditions when individuals consciously or subconsciously choose to override their satiety cues
and deviate from a successful weight loss diet program (i.e., through cheat meals, free-days, and
unplanned eating occasions). A potential reason for overriding the satiety cues within the current
study might have included the novelty of being provided with large quantities of ‘free’ and
highly appetizing foods with the instruction to ‘eat as much or as little as desired.’ While we did
not assess this during Day 7, it is possible that our instructions seemingly granted approval to
consume the study foods, in excess, leading to reduced cognitive restraint, increased
disinhibition, and over-consumption.
It is well-established that behavioral modification, mindful eating, and goal-setting are
approaches needed to adhere to dietary strategies in order to achieve long-term weight loss
and/or the prevention of weight re-gain [162]. For example, establishing weight loss goals has
been shown to significantly influence voluntary food intake and weight loss [157]. Future
studies that include behavioral counseling in conjunction with HP energy restriction diets are
warranted.
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Lastly, in addition to protein quantity, there is continued interest surrounding the
differential effects of protein type on satiety and food intake. It is proposed that amino acid
composition and digestiblity of different proteins may induce disparate satiety effects [143, 144].
When protein quantity within a meal above the proposed satiety threshold of 30 g protein [4], no
consistent differences in appetite, satiety, and subsequent food intake have been observed
between protein types [163-166].
Some data suggest that differences exist between select proteins (i.e., whey, casein, soy)
when protein quantity is well below the quantity threshold [143]. In the current study, 13 g of
PLANT vs. BEEF protein was compared within the NP diets, and no differences in the study
outcomes were detected. The NP-BEEF diet contained 60% beef protein and 40% from soy and
gluten, whereas the NP-PLANT diet was 100% soy and gluten. The predominate (i.e., 60%)
plant-based protein within both diets was soy protein. Thus the similar amino acid profiles
between beef and soy may have limited the ability to detect differences. With the increased
interest in plant proteins, there is a need to systematically compare the effects of protein type on
weight management outcomes.
4.7 Limitations
The dietary treatments were only 6 days in duration. Thus, we are unable to determine the
long-term effects of consuming HP energy restriction diets on indices of appetite control, satiety,
and ad libitum food intake. Although the inclusion of both a protein-matched and proteinunmatched control (i.e., NP-PLANT and NP-BEEF) is a strength to the study design, we were
unable to include a HP-PLANT to fully assess whether protein type influences ingestive
behavior.
The novel ad libitum paradigm allowed for the assessment of carbohdyrate and fat
consumption within meals and at the end of meals. However, we did not provide ad libitum
snacks to assess between-meal intake. While the effects of snacking are not fully ellucidated,
snacking behavior has been associated with excess energy intake, weight gain, and obesity [167].
Thus, a next step in exploring the role of protein on ingestive behavior includes the assessment
of ad libitum foods within snacking occasions.
It is important to note that to achieve the required protein within each HP meal on Day 7,
a larger amount of energy/meal was required to be consumed vs. the NP diets. While we
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hypothesized that eating more protein would reduce ad libitum consumption of high
carbohydrates and fats, in actuality the participants ate the same amount of ad libitum foods in
addition to the required HP foods, leading to greater daily intake. To control for the varying
energy provided within the required foods beween the NP and HP meals, a specific amount of
required carbohydrates could have been included within the NP meals. However this would
have reduced the ability to isolate the effects of increased protein consumption on ad libitum
food intake.
The current study also did not include physiological biomarkers of ingestive behavior. It
is well characterized that protein-rich foods modulate appetite control and satiety by increasing
the postprandial release of satiety gut-derived peptides cholecystokinin (CCK), peptide YY
(PYY), and glucagon-like peptide 1 (GLP-1) that act at various areas of the brain (i.e,
hypothalamus) to increase satiety and reduce food intake [136].
Lastly, as previously discussed, this study did not include any behavioral modifications
relating to weight-loss such that the individuals were not mindful of potential energy
restriction/weight loss goals during the Day 7 free-living ad libitum test day. It is well
documented that simultaneous behavioral modifications are paramount for sustaining successful
dietary weight management and weight loss strategies [162].
4.8 Conclusions
Increased dietary protein, evenly distributed throughout the day, improves daily appetite
control and satiety but does not reduce daily ad libitum carbohydrate and fat intake during subchronic energy restriction in overweight women. Collectively, our findings suggest that
beneficial protein-related effects on appetite control and satiety do not effectively reduce ad
libitum food intake during energy restriction and highlight a potential need for additional
cognitive-behavioral strategies.
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Table 4-1: Subject characteristics of the women who completed the study1
Demographic Information

Mean±SEM

Sample size, n

17

Age, y

36±1

Weight, kg

79.2±0.3

Height, cm

167±1

BMI, kg/m2

28.4±0.1

Habitual Purposeful Activity, steps/d

2805±255

Weight Stable Energy Needs, kcal/d

2010±40

Habitual Sleep, h/night

7.4±0.2

Habitual Dietary Information (3-day dietary recalls at baseline)

1

Energy, kcals/d

2260±580

Protein, g

88±23

%

16±4

CHO, g

246±69

%

44±7

Fat, g

100±33

%

40±6

Values are means±SEMs, n=17; Labeled means in a row without a common superscript letter
differ, p<0.0125. Arbitrary units (au). Weight Stable Energy Needs, data calculated using Mifflin
St. Jeor, activity factor of 1.35 [42].
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Table 4-2: Dietary Characteristics of the Study Treatments on Days 1-61
NP-PLANT

NP-BEEF

HP-BEEF

Means±SEM

Means±SEM

Means±SEM

354±0

350±0

350±0

140±17

140±6

Breakfast
Energy Content, kcal
Energy

Density, 136±8

kcal/100g
Total Protein, g

13±0

14±0

35±0

Beef, g

0±0

9±0

27±0

Carbohydrates, g

48±0

48±0

36±0

Fat, g

12±0

12±0

9±0

340±0

340±0

360±0

173±25

160±14

Lunch
Energy Content, kcal
Energy

Density, 171±18

kcal/100g
Total Protein, g

13±0

13±0

35±0

Beef, g

0±0

7±0

22±0

Carbohydrates, g

48±0

48±0

35±0

Fat, g

12±0

12±0

8±0

340±0

330±0

360±0

133±14

145±9

Dinner
Energy Content, kcal
Energy

Density, 149±22

kcal/100g
Total Protein, g

13±0

13±0

35±0

Beef, g

0±0

7±0

30±0

Carbohydrates, g

48±0

48±0

34±0

Fat, g

12±0

12±0

10±0

200±0

210±0

210±10

189±36

147±6

Evening Snack
Energy Content, kcal
Energy
kcal/100g

Density, 165±3

81
Total Protein, g

8±0

8±0

19±0

Beef, g

0±0

4±0

16±0

Carbohydrates, g

28±0

28±0

20±0

Fat, g

7±0

7±0

6±0

1220±0

1240±0

1280±10

144±5

146±7

Daily Intake
Energy Content, kcal
Energy

Density, 148±9

kcal/100g

1

Total Protein, g

47±0

48±0

124±0

Beef, g

0±0

27±0

95±0

Carbohydrates, g

171±0

172±0

125±0

Fat, g

42±0

43±0

33±0

Diet Palatability (mm)

58±3a

72±3b

69±4b

(rating category)

Slight Like

Slight Like

Slight Like

Values are means±SEMs, n=17; Labeled means in a row without a common superscript letter
differ, p<0.0125.
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Table 4-3: Daily food cravings on the clinical testing day 6 following the study treatments in
healthy, overweight women1
NP-PLANT

NP-BEEF

HP-BEEF

Means±SEM

Means±SEM

Means±SEM

High fat foods, au

1.17±0.08

1.13±0.07

1.04±0.02

Sweets, au

1.60±0.14

1.58±0.14

1.48±0.13

High carbohydrate foods, au

1.19±0.09

1.19±0.09

1.10±0.04

Fast-food fats, au

1.56±0.18a

1.40±0.13a

1.15±0.05b

Total cravings, au

1.36±0.10a

1.31±0.09a,b

1.20±0.05b

Mean Daily Food Cravings

1Values are means±SEMs, n=17; Labeled means in a row without a common superscript letter
differ, p<0.0125. Arbitrary units (au)
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Table 4-4: Daily food intake throughout the free-living testing day 7 in 17 healthy, overweight
women1
NP-PLANT

NP-BEEF

HP-BEEF

Means±SEM

Means±SEM

Means±SEM

Energy, kcal

347 ± 5a

355 ± 3a

895 ± 15b

Protein (g)

45.3 ± 0.5a

45.2 ± 0.5a

120 ± 2.2b

CHO (g)

28.4 ± 0.3a

13.3 ± 0.2b

28.3 ± 0.9a

Fat (g)

5.8 ± 0.1a

12.1 ± 0.1b

30.3 ± 0.3c

Energy (kcal)

2070 ± 180

2120 ± 190

2000 ± 180

Protein (g)

40.6 ± 3.6

40.3 ± 4.3

38.4 ± 3.8

CHO (g)

298 ± 27

300 ± 27

294 ± 27

Fat (g)

72.0 ± 7.0

78.4 ± 7.3

68.7 ± 6.4

Required Foods Consumed

Ad Libitum Foods Consumed

Total Foods Consumed (Required Foods + Ad Libitum Foods)
Energy (kcal)

2430 ± 180a

2470 ± 190a

2900 ± 180b

Protein (g)

85.9 ± 3.3a

85.4 ± 4.2a

158 ± 4.2b

CHO (g)

326 ± 26

314 ± 27

323 ± 27

Fat (g)

77.8 ± 7.0a

90.5 ± 7.2b

99.0 ± 6.4b

1Values are means±SEMs, n=17; Labeled means in a row without a common superscript letter
differ, p<0.0125.
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Figure 4-1: Hunger (A) and fullness (B) responses throughout the day 6 clinical testing day
following the study treatments in healthy, overweight women. Values are means±SEMs, n=17. ♦
Depicts eating occasion.
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Figure 4-2
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5.1 Abstract
Background: The impact of eating patterns and appetite control on sleep health is
relatively unknown. While observational studies demonstrate associations between breakfast
skipping, reduced satiety, and poor sleep quality, intervention studies are lacking. Objectives:
The purpose of this study was to examine the effects of consuming breakfast vs. breakfast
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skipping on subjective and hormonal markers of appetite, satiety, and sleep in combination with
ad libitum food intake in young adults susceptible to subclinical sleep disturbances. Methods:
Thirteen adults (age: 23.5±0.9y; BMI: 23.6±0.6 kg/m2) completed the following randomized
cross-over design. The participants consumed a higher-protein breakfast (BREAKFAST)
(350kcal; 30gProtein/35gCarbohydrate/10gFat) or skipped breakfast (SKIP) for 7d/treatment. On
day 7, a controlled 8h clinical testing day was completed including repeated assessments of
perceived hunger, fullness, desire to eat, prospective food consumption (PFC) and related
hormones. Ad libitum evening food intake and food choice were also assessed. Sleep quality was
assessed with 7-d actigraphy, 7-d sleep diaries, and sleep-related hormones. Results:
Postprandial hunger, desire to eat, PFC, and ghrelin decreased, while fullness and PYY increased
following BREAKFAST vs. SKIP (all, p<0.05). Although no differences in daily food intake
were observed following the study treatments, BREAKFAST reduced evening intake of high
carbohydrate/high fat foods (p<0.05) and evening sugar intake tended to be reduced vs. SKIP
(p=0.085). Although BREAKFAST led to less measured total sleep time (TST) vs. SKIP
(p<0.05), no difference in sleep efficiency (TST/Sleep Period) was detected. Lastly, perceived
sleep quality and sleep onset tended to improve following BREAKFAST vs. SKIP (P=0.060 &
P=0.07, respectively). Conclusions: The daily consumption of breakfast improved appetite
control and diet quality, through reductions in unhealthy evening snacking, and may support
improvements in some aspects of sleep health in healthy young professionals.

Clinical Trials: #NCT03031132, clinicaltrials.gov
5.2 Keywords
Key words: breakfast, appetite, satiety, snacking, sleep
5.3 Introduction
The prevalence of poor sleep quality in the U.S. has increased over the past 30 years at an
alarming rate [1, 2]. According to the Behavioral Risk Factor Surveillance System [3, 4], more
than 35% of young adults, ages 18 to 34 years old, currently experience reduced sleep duration,
poor sleep quality, or sleepiness during the day. Each of these components of sleep health
contribute to increased public safety concerns, jeopardized work productivity, rising healthcare
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needs, and are associated with overall morbidity [4-8]. While sleep is multi-dimensional, as
stated by the National Sleep Foundation [9], longer sleep latencies (i.e., time to sleep onset),
greater number of awakenings, longer wake time after sleep onset, as well as decreased sleep
efficiency are all components of poor sleep quality.
There is increasing interest in the interactions between dietary patterns, ingestive
behavior, and sleep quality and their impact on the progression of obesity. Sub-optimal sleep
(i.e., reduced sleep time, poor sleep quality and continuity) alters the physiological and hedonic
signals controlling eating behavior and contributes to overeating, weight gain, and obesity [1, 2,
10]. For example, daily hunger [11-15], circulating ghrelin, which is associated with hunger and
meal-initiation [11, 12, 15-17], food cravings [16, 18], and the desire to overeat [11, 15, 17, 19]
are increased in adults with poor sleep compared to those with healthy sleep patterns and good
sleep quality, whereas fullness and circulating PYY, a potent satiety-signal, are blunted with
poor sleep [20]. These responses are accompanied by increases in daily food intake, primarily as
evening snacking [11, 15, 17, 21, 22], and a shift towards unhealthy eating practices that include
skipping breakfast [23-26]. Additionally, orexin-A is a regulatory neuropeptide that regulates
arousal, wakefulness, sleep, and eating behaviors and is thought to increase feeding when sleep
is shortened and arousal/wakefulness is maintained [27-30].
One potential target for promoting better sleep patterns includes the timing of food intake
since irregular eating practices, including breakfast skipping, disrupts the behavioral patterning
related to sleep-wake cycles and peripheral circadian ‘clocks’, leading to impaired food intake
regulation among other things [31].
The dietary habit of skipping breakfast is quite common in the U.S. with as many as 60%
of young adults frequently skipping the morning meal [32-34]. Our initial work has centered
around the addition of breakfast, particularly higher-protein versions, to support weight
management by promoting appetite control and satiety. The consumption of higher-protein
breakfasts increase satiety, through increased fullness and PYY concentrations; reduce neural
food cravings; and reduce unhealthy evening snacking compared to skipping breakfast and/or
consuming a normal protein breakfast [35-38]. Further, higher-protein breakfasts reduce daily
food intake and prevent body fat gains over the longer-term [39]. These data support the daily
consumption of a higher-protein breakfast as a successful dietary strategy to assist in promoting
healthy weight status. However, few studies have examined whether nutrition interventions, like
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breakfast consumption, play a role in re-establishing healthy sleep patterns. Thus, the purpose of
this study was to examine the effects of consuming a higher-protein breakfast compared to
breakfast skipping on markers of appetite control, satiety, and food intake in healthy young
adults. Additionally, as an exploratory aim, we sought to examine whether breakfast behaviors
impact sleep quality in those susceptible to subclinical sleep disturbances.
5.4 Subjects and Methods
5.4.1 Experimental Design
Thirteen healthy, normal weight individuals completed a randomized cross-over design
study. Breakfast was either consumed (BREAKFAST) or skipped (SKIP) for 7 days/pattern
(Figure 5-1). Sleep quality was assessed throughout each 7-d pattern via daily actigraphy and
daily sleep diaries. Salivary sampling was conducted during days 5-7 of each pattern to examine
melatonin and cortisol responses, which are sleep-wake surrogates. On Day 7 of each pattern,
participants arrived at the testing facility one hour prior to their habitual breakfast time to
complete a tightly-controlled clinical testing day. The participants began the testing day by
either SKIP or consuming a breakfast meal. Questionnaires assessing hunger, fullness, desire to
eat, prospective food consumption (PFC), sleepiness, and perceived energy in combination with
blood sampling to measure plasma ghrelin, PYY, and orexin-a, concentrations were completed
throughout the testing day (Figure 5-1). Food intake and food choice were also assessed with an
ad libitum packout. There was a 3 - 7 day washout period in between treatments. This trial is
registered at clinicaltrials.gov., #NCT03031132
5.4.2 Study Participants
From June 2016 to August 2016, young adults were recruited through advertisements,
fliers, e-mail listservs, and word-of-mouth to participate in the study. Eligibility was determined
through the following inclusion criteria: 1) age 20-32y; 2) BMI 22-30kg/m2; 3) non-smoker/nonuser of tobacco products; 4) generally healthy (as assessed by medical history questionnaire); 5)
not pregnant or lactating in the past 6 months; 6) not clinically diagnosed with and eating
disorder; 7) no metabolic, hormonal, and/or neural conditions/diseases/medications that
influence metabolism or food intake; 8) no known bleeding disorders; 9) not currently or
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previously (In the past 6 months) on a weight loss or other special diet; 10) no weight loss/gain
(>10lbs) in the past 6 months; 11) normal cognitive restraint, as assessed by a score of <4 on the
Three Factors Eating Habits Questionnaire; 12) Rating of ≥ 5 illustrating a minimum of “neither
like nor dislike” on a 9-point hedonic scale rating for the study breakfasts; 13) not clinically
diagnosed with obstructive sleep apnea or insomnia and does not participate in shiftwork.
Nineteen individuals met the initial screening criteria and thirteen signed the study
consent form and completed all study procedures. Participant characteristics were as follows:
Age: 23.5 ± 0.9 y; BMI: 23.6 ± 0.6 kg/m2; Habitual Breakfast Consumption: days per week 5.4 ±
0.4 d/week, and Habitual Sleep Duration: 7.8 ± 0.3 h/night. All participants were informed of
the study purpose, procedures, and risks and signed the study consent forms. The study was
approved by the Institutional Review Board and all procedures were followed in accordance with
the ethical standards of the Institutional Review Board. The participants were compensated for
completing all study procedures.
5.4.3 Breakfast Treatments
During the 7-d BREAKFAST treatment, the participants were provided with their
respective breakfasts and asked to consume these between 7:00-8:30 am each day according to
his/her habitual breakfast time. During the 7-d SKIP treatment, the participants had nothing to
eat or drink (besides water) until 12:00 pm.
All foods within the breakfast meals were fully prepared, cooked, and packaged in the
metabolic testing facility. All food ingredients were weighed to the nearest tenth of a gram and
were precooked before packaging. Participants picked up the meals on the day before the 7-d
pattern, and reheating instructions were provided. As a measure of compliance, the participants
were required to complete a breakfast food inventory log. The logs also provided instruction for
when breakfast was to be consumed which was set according to each participant’s habitual
weekday breakfast meal time. In addition, participants were instructed to consume only foods
provided to them or skip breakfast, document all deviations (i.e., foods not consumed or extra
foods consumed), and return all wrappers and uneaten foods to be reweighed. Compliance to the
breakfast interventions was over 90%.
The caloric content and macronutrient composition of the breakfast meals are indicated in
Table 5-1. The breakfasts included commonly consumed breakfast foods: egg-based waffles,
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egg scramble, egg-based quesadillas, and French-toast. For consistency, all participants
consumed a French-toast breakfast meal on the day 7 in-clinic testing day. To reduce any
unfamiliar responses to the testing day breakfast meal, the participants were exposed to and
consumed an identical meal on Day 3.
5.4.4 Study Outcomes
Appetite and Satiety:
Computerized questionnaires [26, 168] assessing perceived hunger, fullness, desire to eat,
and prospective food consumption were completed during Day 7 of each treatment (Figure 5-1).
The questionnaires contain visual analog scales (VAS) incorporating a 100 mm horizontal line
rating scale for each response. The questions were worded as “how strong is your feeling of”
with anchors of “not at all” to “extremely.” A palatability questionnaire was completed at
baseline using a 9 point Likert scale.
Blood samples to assess appetite and satiety-related hormonal responses were during Day
7 of each treatment (Figure 5-1). Ethylenediaminetetraacetic acid (EDTA) vacutainer tubes were
used, and protease inhibitors (4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (Roche
Diagnostics) and dipeptidyl peptidase-4 inhibitor (EMD Millipore)) were added to the samples to
reduce degradation. Within 10 min of collection, the samples were centrifuged at 4°C for 10 min.
The plasma samples were stored at -80°C until analysis. Plasma active ghrelin and total PYY
concentrations were assessed at each time point using ELISA assays (EMD Millipore, St. Louis,
MO). Plasma orexin-a concentrations were assessed at baseline and +420min using ELISA
assays (Phoenix Pharmaceuticals, Burlingame, CA).
Subsequent Food Intake:
A standardized lunch (i.e., 500 kcal; 55% of energy as CHO, 30% of energy as Fat, 15%
of energy as Protein) was provided 5-h after breakfast and consisted of a deli sandwich (roll,
cheese slice, turkey, lettuce, mayonnaise or butter) baked potato chips, and water (8oz.). During
the afternoon, the participants were provided a cooler containing a variety of foods commonly
consumed in the afternoon and evening during snacks and meals. All food items were preweighed and recorded. The participants were instructed to consume as much or as little of the
foods as they wished (ad libitum) from this cooler until going to bed. All empty, partially
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consumed, and uneaten foods were returned and re-weighed. Energy and macronutrient content
along with food type was assessed.
Sleep Measures:
An actigraph (BodyMedia SenseWear, Jawbone, San Francisco, CA) was worn on the
upper arm starting on Day 1 through the night of Day 7. The armband utilized an accelerometer,
heat flux, galvanic skin response, skin temperature, and near-body ambient temperature sensors
for the assessments of sleep onset latency, total sleep time (TST), time in bed, awakenings (and
duration), sleep efficiency (TST / total time in bed) and naps during daytime. To support the
actigraphy data, the validated Pittsburgh Sleep Diary [169] was completed every morning and
night during Days 1-7. Sleep and wake times, day’s events (that could influence sleep patterns),
awakenings (and duration), and perceived sleep quality were collected. On Day 7, computerized
questionnaires [26, 168] assessing perceived daytime sleepiness and daytime energy were
completed throughout the testing period (Figure 5-1). The questionnaires contained visual
analog scales (VAS) incorporating a 100 mm horizontal line rating scale for each response. The
questions were worded as “how sleepy do you feel” with anchors of “not at all” to “extremely.”
Salivary Sampling:
Salivary samples were collected during Day 7 of each treatment (Figure 5-1). Passive
drool using established procedures [170] was collected through a Saliva Collection Aid
(Salimetrics, State College, PA). The samples were frozen immediately at -20°C and then stored
at -80°C until analysis. Salivary melatonin and cortisol were measured using ELISA assays
(Salimetrics, State College, PA).
5.4.5 Data and Statistical Analysis
Power analyses were performed prior to the start of the study to determine the sample
size required to detect significant differences between the BREAKFAST vs. SKIP treatments.
The effect size (ES) from our previous studies was determined for the following outcomes:
postprandial fullness (ES = 1.03) [11], postprandial PYY (ES = 0.77) [11], and daily intake (ES
= 1.77) [153]. Given these effect sizes, a final sample size of n=12 was determined as adequate
to provide 80% power to detect differences in the respective outcomes.
Summary statistics (means ± standard error of the mean) were computed for energy
intake, macronutrient intake, sugar intake, TST, sleep efficiency, number of awakenings, sleep
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quality, sleep onset, and orexin concentrations. Net incremental area under the curve (AUC)) was
computed for hunger, fullness, desire to eat, prospective food consumption, ghrelin, PYY,
morning sleepiness, daytime sleepiness, morning energy, and daytime energy. A repeatedmeasures ANOVA was then applied to detect main effects of treatment, time, and treatment by
time interactions for the perceived sensations, hormonal responses, and sleep measures. When
main effects were detected, pairwise comparisons using the least significant difference test were
applied to compare differences between treatments and interactions. A repeated-measures
ANOVA was also applied to detect main effects of treatment for the energy content,
macronutrient composition, and/or food categories from the ad libitum evening packout and
daily intake measures. When main effects were detected pairwise comparisons using the least
significant difference test were applied.
Pearson correlations were conducted to determine associations between select markers of
sleep; appetite & satiety; melatonin and cortisol; and food intake. Analyses were conducted
using SPSS (ver. 24; Chicago, IL). P<0.05 were considered significant. Trends were identified
when p<0.09 but >0.05.
5.5 Results
5.5.1 Appetite & Satiety
The pre and postprandial perceived appetite and satiety responses during Day 7 of each
testing period are depicted in Figures 5-1a-d, whereas the gut-derived hormonal responses are
depicted in Figures 5-2a&b.
Main effects of time (p<0.0001) and treatment (p<0.05) were observed for all outcomes.
Specifically, hunger, desire to eat, and PFC decreased and fullness increased throughout the
morning period following BREAKFAST vs. SKIP (all, p<0.05). In addition, morning hunger,
desire to eat, and PFC AUCs were lower and morning fullness AUC was higher following
BREAKFAST vs. SKIP (all, p<0.05; Table 5-2).

Similar findings were also observed when

comparing the daily AUC responses (Table 5-2).
Main effects of time (p<0.0001) and treatment (p<0.05) were observed for plasma ghrelin
and PYY. Specifically, ghrelin decreased and PYY increased throughout the morning period
following BREAKFAST vs. SKIP (all, p<0.05). In addition, morning ghrelin AUC was lower
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while morning PYY AUC was higher following BREAKFAST compared to SKIP (both, p<0.05).
Similar findings were also detected across the testing day (Table 5-2).
5.5.2 Daily Intake
Energy and macronutrient content of meals and snacks consumed throughout the day
following the breakfasts treatments are shown in Table 5-3. Total evening ad libitum food
intake was not different between the BREAKFAST (1939 ± 263 kcal) vs. SKIP (2251 ± 365
kcal) treatments (p=0.18). However, main effects of treatment (p<0.05) were detected when
assessing food choice of the ad libitum packout. Specifically, the participants consumed 288 ±
101 fewer calories from evening snacks that were higher in carbohydrates and fats during the
BREAKFAST vs. SKIP treatments (p<0.05). In addition, sugar intake throughout the evening
period tended to be lower following BREAKFAST vs. SKIP (p=0.085). Regardless of the subtle
differences in evening snacking, no differences in total daily energy, carbohydrate, or fat intakes
were detected between treatments (Table 5-3). However, daily protein intake was greater
following the BREAKFAST vs. SKIP treatments (p<0.05).
5.5.3 Sleep-related Outcomes
All sleep-related outcomes are included in Table 5-4. Main effects of treatment were
detected for TST (actigraphy). BREAKFAST led to shorter TST of 36 ± 11 min vs. SKIP
(p<0.05). However, regardless of the differences in TST, sleep efficiency was quite high in the
BREAKFAST AND SKIP treatments (i.e., 99 ± 0% and 99 ± 0%, respectively) with no
differences between breakfast treatments. Perceived sleep quality and sleep onset time tended to
improve following the consumption of BREAKFAST vs. SKIP (p=0.060 and p=0.077,
respectively). No main effects of treatment were detected for perceived daytime sleepiness or
energy.
5.5.4 Sleep-related Hormonal Responses
Main effects of treatment were detected for the salivary cortisol response such that
BREAKFAST led to higher waking and pre-bedtime cortisol concentrations vs. SKIP (p<0.05);
Figure 5-3c. Additionally, while the BREAKFAST treatment elicited a typical diurnal pattern,
SKIP blunted this response. Main effects of treatment were not detected for bedtime salivary
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melatonin concentrations (Table 5-4) or for fasting and afternoon plasma orexin-a
concentrations Figure 5-2c.
5.5.5 Ingestive Behavior and Sleep Correlations
Pearson’s correlational analyses revealed positive associations between measured TST
and postprandial ghrelin concentrations, whereas TST was negatively associated with evening
food intake (kcal), evening carbohydrate & fat-rich food intake (kcal), and evening sugar intake
(kcal), (all p<0.05). Perceived sleep quality was also negatively associated with evening food
intake (kcal), evening carbohydrate & fat-rich food intake (kcal), and evening sugar intake
(kcal), (all p<0.05). Finally, sleep efficiency was positively associated with postprandial PYY
concentrations, and negatively associated with evening intake evening food intake (kcal) and
evening carbohydrate & fat-rich food (kcal), (all p<0.05).
5.6 Discussion
In the current study, consuming a higher-protein breakfast for 7 days improved appetite
control and diet quality compared to breakfast skipping in young, healthy adults. In addition,
alterations in select markers of sleep quality were also shown to occur following the daily
consumption of breakfast. These data suggest that breakfast consumption may be one dietary
strategy to promote improvements in appetite, eating behavior, and sleep health in young
professionals with sub-clinical sleep disturbances.
The question of whether breakfast consumption impacts weight management through
improvements in appetite control and subsequent eating behavior remains controversial. The
subjective and hormonal indices of appetite and satiety in the current study reflect similar
findings from some [11, 23, 71, 72, 171-181], but not all [23, 26, 69, 71, 135, 180-184] previous
trials comparing breakfast consumption to breakfast skipping. In light of the discrepancies across
the existing trials, it is necessary to highlight a number of critical breakfast-related dietary factors
postulated to influence these outcomes.
It is important to consider the calorie content, nutrition composition, and type of
breakfast included in the intervention since these factors influence appetite and satiety. (see
following reviews [53, 185]). The current study included a 350 kcal breakfast. The energy
content of the current breakfast was chosen to mimic the amount that is consumed by U.S. adults
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who habitually eat breakfast [186]. However, a few studies have demonstrated greater
improvements in weight management outcomes (i.e., lower hunger, higher satiety, greater weight
& fat losses) when larger breakfast meals (~500 kcal) are consumed [187, 188]. Thus, it
ispossible that a larger breakfast meal in the current study might have led to more robust effects.
Beyond the size of the breakfast meal, there is evidence that macronutrient composition
impacts appetite control and satiety with protein being more satiating than carbohydrates or fats
[53]. The current study included a higher-protein breakfast containing 30g of high-quality (i.e.,
high bioavailability) egg and dairy proteins. A growing body of evidence demonstrates either
neutral or positive effects of higher vs. normal-protein intakes at breakfast on postprandial and/or
daily hunger, fullness, and associated hormones [64, 153, 189-191]. Our current study supports
these findings by illustrating postprandial reductions in hunger and ghrelin concentrations along
with the increases in fullness and PYY concentrations following the consumption of the higher
protein breakfast compared to skipping breakfast. However, the present study did not include a
normal-protein treatment comparison; thus we were unable to determine protein-specfic effects
on the study outcomes.
When considering the significance of subjective appetite and satiety or the associated guthormones, it is imperative to concomitantly examine other, perhaps more meaningful outcomes,
including subsequent food choice, daily intake, and diet quality. One large gap in the breakfast
intervention literature is the lack of actual measures of daily food intake. The majority of
published studies [23, 64, 178, 192, 193] only measure food intake at the next eating occasion
(i.e., lunch) in a lab-based, controlled setting or use estimates through dietary recalls or food
records. Assessments of only the subsequent eating occasion fail to capture potential breakfast
effects on eating occasions that occur later in the day, particularly during times when snacking
and overeating are prominent [194]. Further, the use of food intake estimations have been
viewed as unreliable and inaccurate due to human error and the high prevalence of
underreporting [195]. The current study included an ad libitum evening dinner and snack
packout approach, used in a number of our previous studies [11, 153] to examine energy intake
and food choice at dinner and during afternoon and evening snacking occasions [196, 197]. The
consumption of a higher-protein breakfast over the 7 days did not reduce total daily energy
intake compared to breakfast skipping which is consistent with other acute trials [11, 23, 198].
However, our previous 12-wk study demonstrated about a 400 kcal reduction in daily intake
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following a higher-protein breakfast vs. skipping the morning meal [53]. Thus, it is possible
that reductions in daily intake may have occurred within the current study if the study duration
was extended.
Breakfast is considered a positive modulator of diet quality by increasing the
consumption of shortfall nutrients and reducing the consumption of energy dense foods which
are both factors related to reducing the risk of chronic disease [199, 200]. The current study also
demonstrated improvements in diet quality as illustrated by the reduction in evening snacking
behavior of carbohydrate and fat-rich foods which tended to occur following the consumptoin of
breakfast vs. breakfast skipping. There was also an increase in total daily protein intake. Thus,
although breakfast did not result in decreases daily calories, breakfast consumption may be an
important strategy to improve diet quality.
Sleep health is regarded as a key component in the regulation of ingestive behavior;
however, the question of whether there is a bidirectional relationship such that eating behaviors
modulate sleep is garnering increased interest [201]. Food intake/omission at the wrong
biological time (i.e., typical wake/sleep times for most individuals), leads to peripheral circadian
clock driven changes in metabolism related to sleep/wake disturbances and circadian
misalignment [202]. It has been speculated that breakfast is an optimal eating occasion to
establish ingestive behavior throughout the day which downstream may affect sleep-wake cycles
and overall sleep health.
Regarding the breakfast treatments, measured TST was shorter when breakfast was
consumed vs. skipped with no differences in sleep efficiency. It is possible that the reduction in
TST was not deleterious since sleep efficiency was not altered and perceived sleep quality and
sleep onset tended to improve when breakfast was consumed. It is important to note that the
reductions in TST measured by actigraphy do not reflect sleep staging. We did not use
polysomnography to measure sleep and therefore cannot determine alterations in sleep
architecture [203, 204]. St-Onge, et al. [205], examined whether eating behavior effects sleep,
and more specifically, sleep architecture. Measures were taken during tightly controlled feeding
period as well as with ad libitum periods. While TST did not differ between feeding periods, a
curtailment of slow wave sleep occurred and longer sleep onset time occurred following the ad
libitum period. Similar to our study, increased energy intake from sugar and carbohydrate-rich
foods was associated with poor sleep.
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As previously stated, the participants in the current study tended to report improved
perceived sleep quality and shorter sleep onset time following breakfast vs. breakfast skipping.
While these findings appear to be at odds with the TST data, they indicate potential promising
improvements since perceived sleep quality is an important marker of overall sleep quality and
equally valued alongside measured sleep [206]. A recent examination compared which
determinants, either self-report sleep or measured sleep, more strongly contributes to overall
perceived sleep quality. The findings demonstrated that self-reported sleep measures were
primary drivers of perceived sleep quality rather than directly measured sleep quality indices
[206]. In short, perceived sleep quality measures (i.e., perceived ratings of sleep, mood upon
awakening) were better indicators of sleep quality than measured indicators of sleep quality (i.e.,
measured number of arousals, measured sleep efficiency). Collectively, these findings suggest
that the consumption of breakfast may be helpful in improving some meaningful aspects of sleep
quality.
As part of this pilot investigation we sought to explore potential associations between ad
libitum food intake and indices of sleep health. A number of sleep outcomes were inversely
associated with evening snacking. These findings suggest that evening intake of carbohydrate
and fat-rich foods as well as sugar may negatively impact indices of sleep quality.
Lastly, a number of peripheral or centrally-derived neurochemicals, neurotransmitters,
and hormones exist that modulate metabolism, ingestive behavior, and sleep/wake cycles. These
substances include cortisol, hypocretins (orexin), and melatonin [207]. Thus, we were interested
in whether breakfast consumption would alter these signals. Diurnal cortisol rhythms are
normally characterized by high levels at waking with a steady decline throughout the day [208].
In the current study, breakfast consumption elicited a typical diurnal cortisol pattern, whereas the
pattern was blunted (i.e., the cortisol diurnal decline appeared to be diminished) when breakfast
was skipped. Circulating melatonin concentrations are typically extremely low in the morning
and daytime hours and drastically rise in the evening when there is an increase in sleep
propensity [209, 210]. Due to this rise in the evening, melatonin is considered to be strong
physiological marker of sleep onset [210]. In the current study, bedtime melatonin was not
different between treatments. However, this study only included a single sample measurement in
the evening at a self-selected sleep time and therefore true peak melatonin concentrations could
not be determined. We examined the effects of breakfast intake on the neuropeptide orexin-A
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due to its involvement in sleep, appetite, and feeding behaviors [211-213]. To our knowledge,
this is the first nutrition intervention to examine whether plasma orexin-a is modulated by
breakfast. However, orexin-a concentrations were not different between treatments, indicating
no effect of breakfast or continued morning fasting on orexin-a.
5.7 Limitations
The current findings are limited to interpretation since all study participants were healthy,
normal weight individuals. Thus, the impact that breakfast consumption may have on sleep
health in overweight, unhealthy individuals requires further study. Moreover, the study
population did not report clinically poor sleep according to the PSQI. Perhaps the effect of
nutrient timing is too modest to alter sleep behavior detectable by the current methods in healthy
individuals without severe sleep impairments. While this study was powered for the primary
outcomes of appetite control and satiety, it may have been underpowered for the food intake and
sleep measures. However, sample sizes of n≤12 are used frequently in sleep studies [32, 34,
214]. Future breakfast studies including larger sample sizes over a longer duration are required
to determine whether a breakfast intervention is efficacious in inducing more definitive changes
in evening food intake and/or sleep. Additionally, the current study did not include assessments
of snacking and/or dinner timing during the ad libitum eating period. Consequently, we were
unable to report the time of the latest meal of the day, the specific nutrient compositions of these
final foods, or the relations of these factors and sleep. A limiting aspect to consider regarding
the daily cortisol response patterns is the collection of the last cortisol measure of the day. Since
the participants were asked to complete their last sample prior to a self-selected bed time and
bedtimes were not held constant these samples varied by time of day (clock time). Thus, the
latter portion of the curve could indicate an abnormal cortisol concentration relative to normal
concentration curves if bedtimes are much later in the day than those utilized for standard
cortisol response curves. Although circadian measures were not included in this trial, it is
necessary to highlight that due to recent discoveries linking sleep perturbations to health status,
the interactions between food intake, sleep health, & circadian physiology are next frontiers for
investigation [202, 215].
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5.8 Conclusions
The daily consumption of breakfast improved appetite control and diet quality, through
reductions in unhealthy evening snacking, and may support improvements in some aspects of
sleep health in healthy young professionals prone to subclinical sleep disturbances.
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Table 5-1: Dietary Characteristics of the Study Breakfast Treatments on Days 1-7
BREAKFAST
SKIP
Means±SEM

Means±SEM

Energy Content, kcal

350±0

0±0

Total Protein, g

30±0

0±0

Carbohydrates, g

35±0

0±0

Fat, g

10±0

0±0

Nutritional Information

P28 High Protein Bread (68g)
Cinnamon, Ground (0.4g)
Vanilla Dry Powder (0.4g)
Whipped Butter, unsalted (3.5g)
Breakfast Foods (Day 7)

Egg Whites (82.5g)

N/A

Egg Yolk Powder (2.5g)
Liquid Sucralose (2 drops)
100% Maple Syrup (23.4g)
Sugar Free Waffle Syrup (10g)
Palatability (au)

7.7±0.2

(category)2

like moderately - like very much

N/A
1

Values are means±SEMs
Palatability of the Day 7 breakfast meal was assessed at the beginning of the study using a 9-pt
Likert scale with anchors of dislike extremely to like extremely
2
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Table 5-2: Morning and daily appetite and satiety AUC on Day 7 in healthy young adults
BREAKFAST

SKIP

Means±SEM

Means±SEM

Hunger

-7016 ± 1168*

2334 ± 813

Fullness

7234 ± 1091*

-726 ± 701

Desire to Eat

-6355 ± 1160*

1773 ± 606

PFC

-4253 ± 937*

1897 ± 581

Ghrelin

-21375 ± 5132*

1499 ± 2737

PYY

6563 ± 6537*

5719 ± 4941

Hunger

-12154 ± 2393*

754 ± 1575

Fullness

14432 ± 2252*

4056 ± 1458

Desire to Eat

-11547 ± 2487*

-2559 ± 1453

PFC

-7573 ± 2038*

-797 ± 1581

Ghrelin

-30552 ± 9698*

-9188 ± 5429

PYY

12510 ± 3993*

-2205 ± 5668

Morning AUC (mm*210min)

Daily AUC (mm*420min)

1
2

Values are means±SEMs, n=13
The ‘*’ denotes significance within rows, p<0.05
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Table 5-3: Daily and ad libitum food intake within the day 7 testing day in healthy, young
adults
BREAKFAST
SKIP
Means±SEM

Means±SEM

Energy, kcal
Protein (g)
CHO (g)
Fat (g)
Sugar (g)
Controlled Lunch

343 ± 0*
30.1 ± 0*
35.5 ± 0*
9.4 ± 0*
20.5 ± 0*

0±0
0±0
0±0
0±0
0±0

Energy, kcal
Protein (g)
CHO (g)
Fat (g)
Sugar (g)
Ad Libitum Foods Consumed1

516 ± 0
24.1 ± 0
63.7 ± 0
19.7 ± 0
5.7 ± 0

516 ± 0
24.1 ± 0
63.7 ± 0
19.7 ± 0
5.7 ± 0

1938 ± 263
62.9 ± 8.3
274.0 ± 40.1
68.5 ± 11.0
143.2 ± 22.6†
650 ± 123*

2252 ± 366
68.3 ± 10.0
329.6 ± 52.8
76.0 ± 14.31
172.8 ± 26.6
938 ± 180

2797.7 ± 262.9
117.1 ± 8.3*
373.4 ± 36.5
97.6 ± 11.0
169.4 ± 22.6

2768.4 ± 365.5
92.4 ± 10.0
393.4 ± 52.8
95.7 ± 14.3
178.5 ± 26.6

Required Foods Consumed1
Controlled Breakfast

Free-Living Evening Intake
Energy, kcal
Protein (g)
CHO (g)
Fat (g)
Sugar (g)
High CHO & High Fat Foods (kcal)
Total Daily Intake1
Energy, kcal
Protein (g)
CHO (g)
Fat (g)
Sugar (g)
1

Paired-sample t-tests; p<0.05
The ‘*’denotes significance within row
3
The ‘†’ denotes within-row trends; p=0.085
2

113
Table 5-4: Sleep outcomes from measures conducted across the 7-day testing period in healthy,
young adults
BREAKFAST
SKIP
Means±SEMs

Means±SEMs

Total Sleep Time, TST (min)

381 ± 13*

417 ± 14

Sleep Efficiency (%)

98 ± 0

99 ± 0

Orexin (fasting, pg/ml)

0.89 ± 0.07

1.05 ± 0.18

Orexin (afternoon, pg/ml)

1.31 ± 0.3

0.89 ± 0.06

Melatonin (bedtime, pg/ml)

20 ± 4.0

19 ± 3.3

Sleep Quality (mm)

73 ± 3†

63 ± 5

Sleep Onset (min)

12 ± 2†

16 ± 4

Number of Awakenings (min)

5.2 ± 1.5

6.3 ± 1.5

Morning Sleepiness (AUC, mm*210min)

1184 ± 1048

674 ± 1082

Daytime Sleepiness (AUC, mm*420min)

-968 ± 1848

-797 ± 2324

Morning Energy (AUC, mm*210min)

-10 ± 954

636 ± 810

Daytime Energy (AUC, mm*420min)

2570 ± 1909

2022 ± 2111

Measured

Perceived

1

Values are means±SEMs, n=13
* denotes significance within rows, p<0.05
3†
denotes within-row trends; p=0.060 to p=0.077
2
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Table 5-5: Correlations between sleep and ingestive behavior outcomes in healthy, young adults
Pearson’s r

P-value

0.231
-0.169
0.423*
0.239
-0.623**
-0.460*
-0.553**

0.256
0.410
0.031
0.272
0.001
0.018
0.003

-0.312
0.270
0.134
0.375
-0.505**
-0.488*
-0.399*

0.120
0.183
0.515
0.078
0.009
0.011
0.044

Daily Hunger (mm*420min)
Daily Fullness (mm*420min)
Daily Ghrelin (mm*420min)
Daily PYY (mm*420min)
Evening Intake (kcal)
Evening CHO & FAT (kcal)
Evening Sugar (kcal)
Sleep Efficiency (%)

0.056
-0.155
0.085
0.235
-0.169
0.051
-0.234

0.786
0.450
0.678
0.281
0.410
0.803
0.250

Daily Hunger (mm*420min)
Daily Fullness (mm*420min)
Daily Ghrelin (mm*420min)
Daily PYY (mm*420min)
Evening Intake (kcal)
Evening CHO & FAT (kcal)
Evening Sugar (kcal)

-0.011
-0.042
-0.215
0.644**
-0.404*
-0.392*
-0.304

0.958
0.839
0.293
0.001
0.041
0.047
0.130

TST (min)
Daily Hunger (mm*420min)
Daily Fullness (mm*420min)
Daily Ghrelin (mm*420min)
Daily PYY (mm*420min)
Evening Intake (kcal)
Evening CHO & FAT (kcal)
Evening Sugar (kcal)
Sleep Quality (mm)
Daily Hunger (mm*420min)
Daily Fullness (mm*420min)
Daily Ghrelin (mm*420min)
Daily PYY (mm*420min)
Evening Intake (kcal)
Evening CHO & FAT (kcal)
Evening Sugar (kcal)
Sleep Latency (min)
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Figure 5-1: Experimental Design
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Figure 5-2: Pre and postprandial hunger (A), fullness (B), desire to eat (C), and prospective
food consumption (D) responses throughout Day 7 following the study treatments in healthy
young adults; ♦ Depicts eating occasion.
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Figure 5-3: Pre and Post-prandial Ghrelin (A) and PYY (B) responses throughout Day 7 following
the study treatments in healthy young adults; ♦ Depicts eating occasion.
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Major Findings & Summary
The current dissertation examined the inclusion of dietary protein consumed at higher
quantities compared to normal quantities across the day and the inclusion of a protein-rich
breakfast vs. breakfast skipping.
The studies included within this dissertation examined the effects of increased dietary
protein on ingestive behavior, food intake, and sleep health (chapter 5, only). The findings of
these studies suggest 1) that protein quantity and protein distribution across the day have little
impact on free-living, ad libitum food intake of highly palatable, carbohydrate and fat-rich foods
in overweight women; 2) that the appetitive effects of dietary protein consumed across the day
may be more robust during energy restriction; and 3) that the inclusion of a protein-rich breakfast
augments appetite and satiety, improves diet quality, and may improve some indices of sleep
health. All major findings from the intervention-based studies included in this dissertation are
discussed below.
6.1.1 Increased dietary protein evenly distributed across the day led to the following:
•

Eating more protein (HP vs. NP) or evenly distributing protein throughout the day
(HP-EVEN vs. HP-UNEVEN) did not reduce the consumption of ad libitum fat
and carbohydrate-rich foods throughout the day

•

Despite the lack of differences in daily energy intake, the breakfast meal within
HP-EVEN diet led to lower ad libitum carbohydrate and fat intakes compared
with the breakfast meals, within the NP evenly distributed and HP unevenly
distributed diet conditions

6.1.2 The consumption of HP meals during energy restriction led to the following:
•

Reductions in daily hunger, desire to eat, prospective food consumption and fastfood craving and increases in daily fullness compared to NP meals.

•

No differences in energy consumed from an ad libitum fat and carbohydrate-rich
feeding occasions in the free-living environment.
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•

Further, no differences in any ingestive behavior or food intake outcomes were
detected between the NP beef-based and plant-based diets.

6.1.3 The inclusion of a protein-rich breakfast meal resulted in the following:
•

Decreased postprandial hunger, desire to eat, prospective food consumption, and
ghrelin and increased fullness and PYY compared to breakfast skipping.

•

No differences in daily food intake between the study treatments.

•

Reductions in evening intake of intake of high carbohydrate/high fat foods
(p<0.05) and trending reductions in evening sugar intake compared to breakfast
skipping.

•

Less measured total sleep time (TST) compared to breakfast skipping, with no
difference in sleep efficiency (TST/Sleep Period) between breakfast treatments.

•

Trending improvements in perceived sleep quality and sleep onset tended to
following breakfast consumption compared to breakfast skipping.
6.2 Study Limitations & Future Research Directions

Several limitations in each of the studies included in this dissertation highlight areas for
future investigation. The final section of this dissertation will include a brief review of select
limitations and a subsequent discussion of design solutions and/or next steps.
First, all three studies presented in chapters 3, 4, and 5 were, by design, acute intervention
trials. While these types of shorter length designs are adequate and appropriate for examining
select mechanistic factors involved in daily appetite control and satiety, they are inadequate for
determining longer term effects. These include body weight and composition changes, long-term
feasibility and compliance, and long-term adaptation effects.
Body weight and composition changes are of primary interest regarding dietary protein
interventions, and in particular at the breakfast meal, since increased dietary protein and
consequent shifts in carbohydrate and fat intake are shown to promote improved lean mass
accretion and retention and reduce fat mass [2-5]. Future interventions including concomitant
assessments of ingestive behavior and body weight and/or body composition status are
warranted.

121
Related to energy-restriction and assessment of appetite, there remains only one longterm trial that includes higher protein intake during energy restriction that assess appetite control
throughout the intervention. Since the shorter-term trials included within this dissertation were
designed to investigate the mechanisms of weight management, the next steps would be to
determine whether the ingestive behavior mechanisms are maintained across time. Interestingly,
determining how increased protein intake affects appetite and satiety at the onset compared to the
end of an energy restriction trial may provide relevant information for dietary prescriptions
during the early stages of nutrition-related interventions. While speculative, understanding how
an individual may adapt to higher protein intake from an ingestive behavior perspective could
indicate that simultaneous intervention approaches beyond the inclusion of dietary protein are
required.
Also, shorter length studies do not allow for assessments of long-term feasibility or
practical application. The rigor of tightly controlled feeding trials, such as the ones included in
this dissertation, is needed and increases the validity of the study findings within each design.
However, the ability to prepare higher-protein meals, particularly at breakfast has not been
addressed. The value of understanding mechanisms are only relevant if they are maintained over
time outside of study interventions. This is especially true since weight loss and body
composition changes require an extended time period (>12 weeks). Thus, future investigations
with assessments of long-term feasibility and compliance are warranted.
The next area to consider, with regards to chapters 3 and 4, is the assessment of ad
libitum food intake provided within main meals vs. when food is provided ad libitum within
snacking occasions. In the first two studies included within the dissertation, the participants
were provided ad libitum side-dish foods and desserts at breakfast, lunch, and dinner but were
not given open access to ad libitum snacks throughout the day. As mentioned in Chapter 4, all of
the participants included in the study were habitual snack consumers, which accounted for 16.5%
± 9.2% of their total daily energy. The effects of increased snacking are controversial; however,
snacking has been associated with increased energy intake, weight gain, obesity, and later eating
occasions in individuals who are overweight or obese [6]. Our data demonstrated that eating
protein-rich foods do not lead to reductions in within meal and end-of-meal carbohydrate and fatrich foods. Thus, if the hypothesis that increased dietary protein promotes weight management
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through reductions in daily food intake, our data would suggest that it is not through reductions
in meal-related intake. Therefore, the likely target would be energy intake during snacking
occasions. Future designs to include assessments of ad libitum snacking occasions are critical to
explore this idea.
Many tightly-controlled laboratory studies are arguably confounded by a lack of realworld, daily lifestyle behavioral cues and factors. While the nature of ingestive behavior
research requires these types of experiments to determine mechanisms of action (i.e., circulating
hormonal factors), we are limited as to what these findings mean for day to day living. In
chapters 3 and chapters 4, the free-living ad libitum testing day was our approach to assess food
intake changes that may occur due to the higher protein diet. By design, daily appetite and
satiety assessments were not included on this testing day since continual acknowledgement of
perceived hunger or fullness may impact food intake. However, since we did not include these
assessments we are unable to report on how appetite control related to daily food intake.
Interestingly, this data could provide insight as to whether the reported findings were due to lack
of changes in perceived appetite control. In contrast, perhaps the increased protein intake did
impart beneficial effects on appetite control and satiety and the individuals chose to override
their appetite sensations and overeat. If the latter was the case, then it could provide evidence
that future dietary prescriptions including increased dietary protein also require concomitant
behavioral interventions to achieve positive effects. Although difficult to obtain, the inclusion of
free-living assessments of daily appetite control in research designs which include ad libitum
food intake may provide another layer of information for understanding changes in dietary habits
and the effectiveness of the intervention.
In the current obesogenic environment, behavior change is considered a principal
component to long term weight change and subsequent weight maintenance. As briefly
described in chapters 3 and 4, the intervention designs did not include any behavioral
modifications and trial itself was not a weight loss study. Intrinsic motivation and mindfulness
of dietary goals may be key components for the success of dietary interventions [7]. Next steps
for this type of study design, beyond extended study durations, include the addition of behavioral
change components to dietary intervention trials.
The findings presented in chapter 5 demonstrated some improvements in sleep quality
indices following the consumption of breakfast. However, the participants included in the study
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were healthy, normal weight individuals. It is well-documented that individuals who are
overweight have a higher incidence of poor sleep. Although the previous study included
participants with short sleep, they did not exhibit clinical indications of disrupted sleep (i.e. as
indicated by a PSQI of <5) or present with clinical diagnosed conditions (i.e. weight-related
sleep apnea). Therefore, this study did not address whether breakfast consumption improves
indices of sleep quality in overweight individuals who are at risk for increased decrements in
sleep health. Thus, a vital next step is to examine whether breakfast consumption may contribute
to improvements through bidirectional mechanisms (i.e., nutrient timing, sleep patterns,
hormonal regulation, and circadian regulation) implicated in ingestive behavior and sleep health
in individuals experiencing clinically diagnosed poor sleep and overweight status.
Finally, as mentioned in chapter 5, we did not assess the timing of food intake during the
evening ad libitum evening and nighttime period. Therefore, we were unable to report the time
of the last food item(s) consumed prior to bed, the specific nutrient compositions of the last
foods, or the relationships between these factors and sleep. Recent investigations examining
food intake in the pre-sleep period (i.e., 4 hours prior to sleep onset) includes considerations for
both the energy content of the food as well as the macronutrient and sensory characteristics.
Interestingly, there is evidence demonstrating changes in sleep architecture following the
consumption of foods rich in fats and carbohydrates. However, further investigations are
required to elucidate the exact characteristics of the macronutrients (i.e., complex vs. simple
carbohydrates, saturated vs. unsaturated fats) and well as the amount required to elicit changes.
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APPENDIX A. DIETARY PROTEIN AND INGESTIVE BEHAVIOR

Achieving optimal appetite control to improve weight management has been a key focus
of nutrition intervention studies over the past two decades. One widely accepted approach to
improving appetite control and satiety is the inclusion of dietary protein due to its satiating
properties [1]. The consumption of increased dietary protein is supported by a milieu of
scientific evidence suggesting positive effects on appetite control, satiety, and weight
management [2]. Moreover, repeated examination of each macronutrient and subsequent effects
on appetite and satiety demonstrate that protein the most advantageous [3-6]. Additionally, there
is mechanistic evidence supporting unique protein-related effects on satiety including appetitive,
hormonal, and neural markers.
Appetitive markers of protein-related satiety include greater perceived fullness and in
some cases reduced perceived hunger [7]. Work by Holt et al. [1], depicts the effects of
different food on satiety and demonstrates increased satiety following the consumption of protein
compared to fat and carbohydrates. Moreover, the protein quantity-related effects on hunger and
satiety have been repeatedly demonstrated in preload studies comparing a higher protein meal vs.
a control meal and indicate increased satiety [8, 9]. While greatly fewer in number, some studies
have extended these findings from acute, single meal designs to longer term [9-11] examinations
(i.e. 4 days to ~2 weeks) and report increased satiety following higher intakes when compared to
lower intakes. Additionally, preload designs typically include beverage meal challenges which
as will be discussed later, may alter the effects of macronutrients on ingestive behavior.
However, higher protein solid meals as well as mixed meals have also been shown to decrease
hunger and increase satiety compared to lower protein versions [9]. It should be noted that other
perceived sensations such as desire to eat as well as prospective food consumption are also
reduced following protein intake [12]. Collectively, an extensive amount of literature supports
the beneficial effects of protein on appetitive sensations and supports the intake of protein as a
means to promote satiety [12].
Appetitive sensations are in-part exhibited pre and post-prandially due to numerous
hormonal signally events [13, 14]. These include the release and/or inhibition of gut-derived and
peripherally secreted hormones (i.e., leptin) that act on central targets in the brain to stimulate or
inhibit feeding behaviors [15]. Dietary protein has been consistently demonstrated as a
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particularly potent stimulator/inhibitor of these hormones and thus partially regulate the neural
circuitry involved in ingestive behavior [7, 13, 16].
Specifically, ghrelin, an orexigenic gut-derived peptide that stimulates hunger and
initiates eating has been examined in response to protein, carbohydrate, and fat intake [17].
Foster-Schubert et al.[17], utilized a randomized cross-over design to examine the effects of
carbohydrates, proteins, and lipids on ghrelin levels and concluded that while all beverage
challenges reduced plasma acyl and total ghrelin levels, there was a hierarchy such that protein
suppressed acyl and total ghrelin more so than carbohydrate followed by fat. The observed
hierarchy is notably in line with the overall satiety index hierarchy of common foods first
demonstrated by Holt et al [1]. The findings of Foster-Schubert confirm previous work by Leidy
et al. [18], which examined the acute and chronic effects of higher protein vs. normal protein
intake on ghrelin during weight loss and demonstrated acute-responsiveness (meal-related) of
ghrelin to protein intake. However, it is paramount to address that not all evidence supports a
positive ghrelin response to protein. In fact, several studies note increased [19] or no effect [20]
on ghrelin concentrations following a protein-rich meal. Importantly, Ghrelin is not the only
protein-related hormone demonstrated to affect ingestive behavior.
Glucagon-like Peptide 1 (GLP-1) and Peptide YY (PYY) are protein-related hormones
that have been identified as modulators of eating behavior and food intake [21, 22]
GLP-1 is a peptide satiety hormone produced in the intestine following nutrient intake [23].
Specifically, GLP-1 alters gastric transit time and acts anorectically through the vagus nerve and
on specific areas within the hypothalamus (i.e., nucleus of the solitary tract) to decrease food
intake [24]. In regards to protein intake specific actions vs. carbohydrate and fat intake, it has
been demonstrated that GLP-1 concentrations are higher following higher protein intakes vs.
normal protein intakes [25]. One benchmark study demonstrating these effects was conducted by
Lejune et al. [11] in which women were provided HP or NP diets. Following 4 days of
consumption, GLP-1 was reported to be higher following the HP diet vs. NP diet. Moreover,
these findings have been positively associated with protein and food intake [22, 24].
PYY is another satiety hormone that reduces hunger and decreases food intake [26]. The
effects of this hormone have been examined throughout a myriad of intervention trials and is
released in response to many dietary components [26]. However, there is increasing evidence to
support a direct relationship with protein [7]. One randomized cross-over study conducted in
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humans by Batterham et al.[26], utilized three isocaloric meal challenges varying in protein, fat,
and carbohydrate content. The high-protein meal lead to the greatest release of PYY and also
lead to the greatest satiation vs. the carbohydrate-rich and fat-rich meals [26]. Further, to
elucidate the exact role of PYY and its protein-related effects on ingestive behavior, Batterham
et al.[26] , conducted a knockout study examining PYY null mice. The PYY null mouse model
was resistant to the effects of higher-protein diets on satiety and demonstrated hyperphagic
responses. Carbohydrate and fat content of the rodent chow was manipulated while protein was
held constant and thus allowed for the examination of the role of PYY in response to high
carbohydrate and high fat feeding. Results indicated that PYY has a unique response to protein
and the food intake responses to dietary fat and carbohydrate are not mediated through PYY[26].
Notably, the hormone-related effects of protein intake are mediated through the gut-brain
axis. The gut and peripherally derived signaling hormones act at the level of the brain through
transport in the circulation or directly on the vagus nerve [22, 27]. Consequently, the central and
enteric nervous systems and the gut work in concert and result in gut-brain signaling [27]. This
complex system integrates meal to meal nutrient sensing regulation, as well as long-term
regulation, of feeding behaviors and energy metabolism [27]. The previously described gutderived hormones are particularly implicated in the meal-to-meal regulation [27].
The mechanistic actions of these gut-derived hormones are becoming more established in
regards to the specific downstream action. Specifically, the gut-derived hormones act on afferent
nerves of the visceral nervous system or the hypothalamic arcuate nucleus (ARC) via G-Protein
coupled receptors [27]. These receptors then either inhibit or stimulate food-intake related
neuropeptide Y (NPY) and agouti related protein (AgRP) which act on the feeding center of the
brain, the paraventricular nucleus (PVN). For example, at the neuronal level, PYY acts as an
agonist at NPY receptors located in the hypothalamus, but may also act on vagal inputs to inhibit
feeding [26]. Through these mechanisms PYY affects neural circuitry of the hypothalamus that
is implicated in energy homeostasis [26]. On the contrary, orexigenic hormones, ghrelin and
oxrexins, release appetite stimulating factors during times of fasting [27]. Ghrelin acts on the
hypothalamic arcuate nucleus to stimulate hunger and food intake through stimulation of the
PVN [20]. Collectively, these neural inputs affect food intake and eating behaviors.
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Although the effects of protein-related satiety appear to be robust, certain factors which
influence the effects of protein on satiety such as the protein quality (i.e., source), food form (i.e.,
beverage vs. solid), and experimental design (i.e., acute vs. long-term interventions).
Protein quality (source) is one aspect that affects protein-related satiety due to variations in
amino acid profiles, digestibility, and food matrix at time of intake, and bioavailability as well as
sensory factors like palatability and texture. Work by Veldhorst et al. [25], indicates significant
differences in appetite following the consumption of varying protein qualities. Indeed,
differences in protein source affect rate of digestion (i.e. whey vs. casein) that consequently
influence the release of protein-related appetitive hormones [28]. Additionally, the structure of
amino-acids may alter digestion and metabolism processes in the gut affecting the cellular
mechanisms responsible for downstream satiety effects [28]. Finally, the presence of bioactive
amino acids sequences may alter metabolic handling of the proteins and increase satiety [28, 29].
Finally, food form is a well-known factor affecting ingestive behavior which may also
impact protein-related effects on ingestive behavior [30, 31]. Liquid beverage meals have weaker
responses on appetite related sensations, hormones, and compensation behaviors compared to
solid meals [30, 31]. As discussed in this was demonstrated in a comparison of protein-rich
beverage and solid meals which demonstrated weaker appetitive responses following the
consumption of matched high protein beverage and solid meals [30].
References (Related to Appendix 1)
1.

Holt SH, Brand Miller JC, Petocz P, Farmakalidis E: A satiety index of common foods.
European journal of clinical nutrition 1995, 49:675-690.

2.

Leidy HJ, Clifton PM, Astrup A, Wycherley TP, Westerterp-Plantenga MS, LuscombeMarsh ND, Woods SC, Mattes RD: The role of protein in weight loss and maintenance.
American Journal of Clinical Nutrition 2015, 101:1320-1329.

3.

Hill AJ, Blundell JE: Macronutrients and satiety: the effects of a high-protein or highcarbohydrate meal on subjective motivation to eat and food preferences. Nutrition and
behavior (USA) 1986.

4.

de Castro JM: Macronutrient relationships with meal patterns and mood in the spontaneous
feeding behavior of humans. Physiology & behavior 1987, 39:561-569.

151
5.

Barkeling B, Rössner S, Björvell H: Effects of a high-protein meal (meat) and a highcarbohydrate meal (vegetarian) on satiety measured by automated computerized
monitoring of subsequent food intake, motivation to eat and food preferences. International
journal of obesity 1990, 14:743-751.

6.

Stubbs RJ, Harbron CG, Murgatroyd PR, Prentice AM: Covert manipulation of dietary fat
and energy density: effect on substrate flux and food intake in men eating ad libitum. The
American journal of clinical nutrition 1995, 62:316-329.

7.

Leidy HJ, Clifton PM, Astrup A, Wycherley TP, Westerterp-Plantenga MS, LuscombeMarsh ND, Woods SC, Mattes RD: The role of protein in weight loss and maintenance.
Am J Clin Nutr 2015.

8.

Eisenstein J, Roberts SB, Dallal G, Saltzman E: High-protein weight-loss diets: are they
safe and do they work? A review of the experimental and epidemiologic data. Nutrition
reviews 2002, 60:189-200.

9.

Halton TL, Hu FB: The effects of high protein diets on thermogenesis, satiety and weight
loss: a critical review. Journal of the American College of Nutrition 2004, 23:373-385.

10.

Long S, Jeffcoat A, Millward D: Effect of habitual dietary-protein intake on appetite and
satiety. Appetite 2000, 35:79-88.

11.

Lejeune MP, Westerterp KR, Adam TC, Luscombe-Marsh ND, Westerterp-Plantenga MS:
Ghrelin and glucagon-like peptide 1 concentrations, 24-h satiety, and energy and substrate
metabolism during a high-protein diet and measured in a respiration chamber. The
American journal of clinical nutrition 2006, 83:89-94.

12.

Dhillon J, Craig BA, Leidy HJ, Amankwaah AF, Anguah KO-B, Jacobs A, Jones BL, Jones
JB, Keeler CL, Keller CE: The Effects of Increased Protein Intake on Fullness: A MetaAnalysis and Its Limitations. Journal of the Academy of Nutrition and Dietetics 2016.

13.

Wren A, Bloom S: Gut hormones and appetite control. Gastroenterology 2007, 132:21162130.

14.

Suzuki K, Simpson KA, Minnion JS, Shillito JC, Bloom SR: The role of gut hormones and
the hypothalamus in appetite regulation. Endocrine journal 2010, 57:359-372.

15.

Badman MK, Flier JS: The gut and energy balance: visceral allies in the obesity wars.
Science 2005, 307:1909-1914.

152
16.

Brennan IM, Luscombe-Marsh ND, Seimon RV, Otto B, Horowitz M, Wishart JM, FeinleBisset C: Effects of fat, protein, and carbohydrate and protein load on appetite, plasma
cholecystokinin, peptide YY, and ghrelin, and energy intake in lean and obese men.
American Journal of Physiology-Gastrointestinal and Liver Physiology 2012, 303:G129G140.

17.

Foster-Schubert KE, Overduin J, Prudom CE, Liu J, Callahan HS, Gaylinn BD, Thorner
MO, Cummings DE: Acyl and total ghrelin are suppressed strongly by ingested proteins,
weakly by lipids, and biphasically by carbohydrates. The Journal of Clinical Endocrinology
& Metabolism 2008, 93:1971-1979.

18.

Leidy HJ, Mattes RD, Campbell WW: Effects of acute and chronic protein intake on
metabolism, appetite, and ghrelin during weight loss. Obesity 2007, 15:1215-1225.

19.

Erdmann J, Töpsch R, Lippl F, Gussmann P, Schusdziarra V: Postprandial response of
plasma ghrelin levels to various test meals in relation to food intake, plasma insulin, and
glucose. The Journal of Clinical Endocrinology & Metabolism 2004, 89:3048-3054.

20.

Moran LJ, Luscombe-Marsh ND, Noakes M, Wittert GA, Keogh JB, Clifton PM: The
satiating effect of dietary protein is unrelated to postprandial ghrelin secretion. The Journal
of Clinical Endocrinology & Metabolism 2005, 90:5205-5211.

21.

Journel M, Chaumontet C, Darcel N, Fromentin G, Tomé D: Brain Responses to HighProtein Diets. Advances in Nutrition: An International Review Journal 2012, 3:322-329.

22.

Tomé D, Schwarz J, Darcel N, Fromentin G: Protein, amino acids, vagus nerve signaling,
and the brain. The American journal of clinical nutrition 2009, 90:838S-843S.

23.

Näslund E, Barkeling B, King N, Gutniak M, Blundell J, Holst J, Rössner S, Hellström P:
Energy intake and appetite are suppressed by glucagon-like peptide-1 (GLP-1) in obese
men. International Journal of Obesity & Related Metabolic Disorders 1999, 23.

24.

Potier M, Darcel N, Tomé D: Protein, amino acids and the control of food intake. Current
Opinion in Clinical Nutrition & Metabolic Care 2009, 12:54-58.

25.

Veldhorst M, Smeets A, Soenen S, Hochstenbach-Waelen A, Hursel R, Diepvens K,
Lejeune M, Luscombe-Marsh N, Westerterp-Plantenga M: Protein-induced satiety: effects
and mechanisms of different proteins. Physiology & behavior 2008, 94:300-307.

153
26.

Batterham RL, Heffron H, Kapoor S, Chivers JE, Chandarana K, Herzog H, Le Roux CW,
Thomas EL, Bell JD, Withers DJ: Critical role for peptide YY in protein-mediated satiation
and body-weight regulation. Cell metabolism 2006, 4:223-233.

27.

Konturek S, Konturek P, Pawlik T, Brzozowski T: Brain-gut axis and its role in the control
of food intake. Journal of physiology and pharmacology 2004, 55:137-154.

28.

Millward DJ, Layman DK, Tomé D, Schaafsma G: Protein quality assessment: impact of
expanding understanding of protein and amino acid needs for optimal health. The
American journal of clinical nutrition 2008, 87:1576S-1581S.

29.

Paddon-Jones D, Westman E, Mattes RD, Wolfe RR, Astrup A, Westerterp-Plantenga M:
Protein, weight management, and satiety. The American journal of clinical nutrition 2008,
87:1558S-1561S.

30.

Leidy HJ, Apolzan JW, Mattes RD, Campbell WW: Food form and portion size affect
postprandial appetite sensations and hormonal responses in healthy, nonobese, older adults.
Obesity (Silver Spring) 2010, 18:293-299.

31.

Mourao D, Bressan J, Campbell W, Mattes R: Effects of food form on appetite and energy
intake in lean and obese young adults. International journal of obesity 2007, 31:1688-1695.

154

APPENDIX B. SUPPORTING BREAKFAST REVIEW

Heather J Leidy, Jess A Gwin, Connor A Roenfeldt, Adam Z Zino, Rebecca S Shafer; Evaluating
the Intervention-Based Evidence Surrounding the Causal Role of Breakfast on Markers of Weight
Management, with Specific Focus on Breakfast Composition and Size–, Advances in Nutrition,
Volume 7, Issue 3, 1 May 2016, Pages 563S–575S, https://doi.org/10.3945/an.115.010223
Abstract:
Nutritional strategies are vitally needed to aid in the management of obesity. Crosssectional and epidemiological studies consistently demonstrate that breakfast consumption is
strongly associated with a healthy body weight. However, the intervention-based, long-term
evidence supporting a causal role of breakfast consumption is quite limited and appears to be
influenced by several key dietary factors, such as dietary protein, fiber, and energy content. This
article provides a comprehensive review of the intervention-based literature that examines the
effects of breakfast consumption on markers of weight management and daily food intake. In
addition, specific focus on composition and the size (i.e., energy content) of the breakfast meal is
included. Overall, there is limited evidence supporting (or refuting) the daily consumption of
breakfast for body weight management and daily food intake. In terms of whether the type of
breakfast influences these outcomes, there is increasing evidence supporting the consumption of
increased dietary protein and fiber content at breakfast as well as consuming more energy during
the morning hours. However, the majority of the studies that manipulated breakfast composition
and content did not control for habitual breakfast behaviors nor did they include a breakfastskipping control arm. Thus, it is unclear as to whether the addition of these types of breakfasts
plays a causal role in weight management. Future research including large, randomized
controlled trials of longer-term duration with focus on key dietary factors are critical to begin to
assess whether breakfast recommendations are appropriate for the prevention and/or treatment of
obesity.
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Introduction
Obesity is the greatest threat to global health this century, affecting the lives of >1.4
billion adults [1]. In the U.S., ~167million (69%) adults are overweight/obese [2]. The health
consequences related to obesity can begin as early as childhood [3], and many overweight
children and adolescents already have at least one, if not multiple, cardiovascular risk factors [4].
Thus, there is a great need to develop successful nutrition strategies targeting weight
management to reverse the obesity epidemic and prevent and/or delay serious health
complications. One factor that has received substantial attention is the dietary habit of breakfast
(skipping). While breakfast was once thought to be ‘the most important meal of the day’, several
investigators have challenged this notion due to the limited amount of existing scientific
evidence [5, 6].
Although breakfast consumption was previously considered a staple in the American diet
[7-9], there has been an increased prevalence of skipping breakfast over the past 50 years-with as
many as 30% of young people skipping breakfast every day and up to 60% infrequently eating
breakfast [7, 10, 11]. The increased frequency of skipping breakfast has occurred concomitant
with the increased rise in obesity [8], raising the question as to whether breakfast plays a causal
role. The myriad of epidemiological, observational, and cross-sectional data document strong
associations between breakfast consumption and markers of healthy weight management such
that increased frequency of breakfast consumption is associated with lower BMI, lower weight
(gain), and/or lower body fat [5, 12-17]. In a recent meta-analysis [5], breakfast consumers were
shown to display a greater odds ratio of being classified as healthy weight compared to those
who skip breakfast (p=10-42). Despite the consistent evidence supporting the relationship
between breakfast consumption and weight management, there is a paucity of intervention-based
evidence assessing whether the addition of breakfast improves weight management outcomes
[5]. It is also unclear as to whether the composition and size of breakfast impact weight
outcomes. Since current research demonstrates improvements in weight management with
increased dietary protein, whole-grain/fiber consumption, and timing of food intake [18-20], it is
plausible that these factors might also influence any proposed breakfast-related effects.
This article provides a comprehensive review of the intervention-based literature that
examines the effects of breakfast consumption on weight management and daily food intake-with
specific focus on breakfast composition and size.
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Methodology for the Comprehensive Review
Breakfast is the first eating occasion of the day, before 1000h, which was previously
described by Timlin et al. [21]. The search terms included breakfast (skipping) and morning fast
along with the following outcomes: weight (loss), fat mass (loss), percent body fat, BMI, waist
circumference, and daily energy (food) intake. Searches of electronic databases were carried out
between 6/26/2014-7/28/2014 and included PubMed (http://www.ncbi.nlm.nih.gov/pubmed) and
Scopus (http://www.scopus.com). Additionally, references from existing reviews and select
articles were examined to supplement the electronic search. This review was limited to articles
published in English in peer-reviewed journals and included the following criteria: 1) all age
groups; 2) all diseases/conditions; 3) any breakfast intervention of ≥8 weeks (for weight
outcomes) and any duration for daily food intake; and studies that included any of the following
outcomes: weight, fat mass, body fat, lean mass/fat free mass, BMI, waist circumference and
daily food (energy) intake. Epidemiological, observational, and cross-sectional studies were
excluded. Figures A-1 and A-2 represent the search flow diagrams for the weight outcomes and
daily food intake, respectively. Each article was graded based on the Academy of Nutrition and
Dietetics’ article evaluation found within The Evidence Analysis Manual [22].
Intervention-based Clinical Trials including Weight Outcomes
Addition of Breakfast
Only three longer-term studies (albeit all randomized controlled trials, RCT) were
identified assessing whether the addition of breakfast influences weight outcomes (Table A-1).
Schlundt et al.[23] examined the effects of consuming breakfast versus skipping breakfast during
a 12-wk, energy restriction diet in 52 obese adult women (age: 18-55y; BMI: 30-31kg/m2). The
women were initially stratified according to habitual breakfast behaviors, with skipping breakfast
defined as having ≥3 skipped breakfasts/wk. Then, the participants began the weight-reduction
program in which they were prescribed a 1200kcal/d diet (50-55% carbohydrates/15-20%
protein/25-30% fat) and were randomized into a breakfast-skipping group or a 400kcal breakfast
group. Although both groups consumed the isocaloric diets, the breakfast-skipping group was
prescribed 400kcal lunch and 800kcal dinner meals, whereas the breakfast group was prescribed
400kcal breakfast, 300kcal lunch, and 500kcal dinner meals. Weight loss was assessed at

157
baseline and post-study. Both groups lost weight throughout the 12-wk energy restriction
(p<0.001). However, no differences in weight loss were observed between the women who ate
breakfast throughout the 12-wk (-7.7±3.3kg) versus those who skipped breakfast (-6.1±3.9kg).
In addition, habitual breakfast behavior (at baseline) did not significantly influence weight loss.
The study included a 6-month follow-up which led to similar findings (data not shown).
Rosado et al. [24] completed a 12-wk RCT in 147 overweight or at risk of overweight
children (age: 9±1y; 90th BMI percentile for age). The breakfast group was prescribed 1 serving
of ready-to-eat cereals (RTEC) with milk/d (~250kcal; 14g protein; 47g carbohydrates, and 1g
fat), whereas the control group continued the breakfast habit to which they were accustomed.
Changes in body weight, body fat (through bioelectrical impedance, BIA), and BMI were
assessed at baseline and post-study. Both groups gained weight over the 12-wk (i.e., breakfast
group: +0.9kg (95% CI: 0.4, 1.4kg) and control group: +1.2kg (95% CI: 0.4, 2.0kg); both,
p<0.05) with no differences between groups. No differences in BMI or percent body fat changes
were detected between groups (Table A-1).
More recently, Dhurandhar et.al. [25] completed a 16-wk study in 309 overweight/obese
adults (age: 40±0.3y; BMI: 25-40kg/m2). The participants were initially stratified according to
habitual breakfast behaviors, with skipping breakfast defined as having ≥3 skipped
breakfasts/wk. They were randomized to the breakfast recommendations to ‘eat breakfast’, ‘skip
breakfast’, or maintain their habitual breakfast behaviors. All groups were provided with the
USDA “Let’s Eat for the Health of It” pamphlet that included a general description of good
nutrition habits (but did not discuss breakfast consumption). Along with this pamphlet, the
breakfast group received an additional handout instructing them to eat breakfast before 1000h.
The handout suggested ‘healthy’ food items to consume, but the participants could choose
whatever they wished to eat. The breakfast-skipping group was also provided with a handout
instructing the participants to avoid the consumption of any foods or drinks (besides water or
zero-calorie beverages) before 1100h. Again, no differences in weight loss were observed in
those who ate breakfast throughout the 16-wk (-0.68±1.16kg) versus those who skipped
breakfast (-0.66±1.18kg) or those who continued their respective breakfast pattern (0.62±1.16kg). Also, habitual breakfast behaviors (at baseline) did not influence the amount of
weight lost throughout the study.
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Collectively, the current evidence, albeit limited, does not support an effect of breakfast
on weight outcomes. Although these findings suggest that breakfast does not play a causal role
in weight management, the data should be viewed with caution due to several limitations. First,
the small number of RCTs available during the time of the review (n=3) presents challenges for
developing conclusions regarding the role of breakfast to prevent and/or reduce weight gain.
Further, none of these studies tightly controlled key breakfast factors including energy content,
macronutrients, and/or breakfast quality [23-25]-which might influence weight outcomes.
Lastly, only Rosado et al. [24] included other weight-related outcomes outside of weight loss,
such as body composition and BMI. Thus, it is unclear as to whether long-term studies including
tightly-controlled breakfast meals varying in key dietary factors, like macronutrient and/or
energy content, would lead to significant improvements on markers of weight management.
To provide additional support for the continuation of this line of research, we recently
published a tightly-controlled study to examine whether the daily consumption of high-protein
vs. normal-protein breakfast meals improve weight management in overweight/obese, ‘breakfastskipping’ young people [26]. In this study, 57 adolescents (age: 19±1y; BMI: 29.7±4.6kg/m2)
were randomized to 1 of 3 patterns: 1) high-protein breakfast (350kcal; 35g carbohydrates; 35g
protein; 8g fat); 2) normal-protein breakfast (350kcal; 57g carbohydrates; 13g protein; 8g fat); or
3) no breakfast (control). All breakfast meals were provided throughout the 12-wks. Weight
loss and body composition (through dual-X-ray-absorptiometry, DXA) were assessed at baseline
and post-study. No differences in weight loss were observed between groups. However, the
high-protein breakfast prevented fat mass gains over the 12-wk (-0.4±0.5kg) versus continuing to
skip breakfast (+1.6±0.9kg, p<0.03), whereas the normal-protein breakfast did not prevent fat
mass gains (+0.3±0.5kg). While preliminary, these data suggest a beneficial effect of including a
protein-rich breakfast for weight management in individuals who habitually skip the morning
meal. However, it is important to note that this was a 12-wk pilot study and was not powered to
detect differences in weight loss and body composition. Further research exploring the effects of
increased dietary protein at breakfast for a longer duration and in a larger sample size is
necessary to strengthen these findings.
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Breakfast Composition & Size
While the previous section focused on the comparison between skipping breakfast versus
consuming breakfast, this section examines the effects of breakfast meals that vary in protein,
fiber, or energy content.
Dietary Protein
Only four long-term studies were identified that tested whether increased protein
consumption at breakfast improves weight outcomes. Wang et al. [27] compared the effects of a
prescribed normal-protein, bread-based breakfast (386kcal; 45g carbohydrates; 8g protein; 12g
fat) vs. an isocaloric high-protein, egg-based breakfast (29g carbohydrates; 12g protein; 16g fat)
in 156 obese adolescents (age: 14±2y; BMI: 32.1±1.7kg/m2). The bread breakfast consisted of
steamed bread, white rice, and milk, whereas the egg breakfast consisted of boiled eggs (50g),
white rice, and milk. Weight loss was assessed at baseline and at 12-wk. The egg breakfast led
to ~4% more weight loss vs. the bread breakfast (Table A-1; p<0.001)-which was a difference of
~2.25kg between groups (p<0.001).
In a similar study, Rueda et al. [28] compared a non-egg breakfast and an egg breakfast in
73 college students (age: 17-20y; BMI: 26.0±3.4kg/m2). A recommendation was made to the
non-egg group to simply avoid eating eggs 5 days/wk for 14-wk, whereas the egg group was
instructed to eat 1 serving of eggs (i.e., equivalent to 2 whole eggs), 5 days/wk for 14-wk. Both
groups were permitted to eat other breakfast foods ad libitum during breakfast. Breakfast energy
and macronutrient content, weight loss, and changes in BMI and body composition (through
BIA) were assessed at baseline and post-study. On average, both groups consumed ~640kcal
breakfasts. The non-egg breakfasts contained ~104g carbohydrates, 19g protein, and 4g fat,
whereas the egg breakfasts contained ~76g carbohydrates, 26g protein, and 26g fat. Although
both groups gained weight and fat mass throughout the study, no differences were observed
between groups.
Lastly, the remaining two studies [29, 30] manipulated protein content and breakfast size
within an energy restriction diet. As described in Jakubowicz et al. [29], 193 obese adults (age:
47±7y; BMI: 32.2±1.0kg/m2) were prescribed an energy restriction (~1500kcal/d) and were
randomly assigned to either a large, high-protein/high-carbohydrate breakfast (600kcal; 60g
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carbohydrates; 45g protein; 20g fat) or a small, lower-protein/low-carbohydrate breakfast
(300kcal; 10g carbohydrates; 30g protein; 16g fat) for 16-wk followed by a 32-wk follow-up.
Weight loss and changes in BMI and waist circumference were assessed at baseline, post-study,
and follow-up. Although both energy restriction diets led to significant (p<0.05) reductions in
weight (-14.4kg), BMI (-5.1kg/m2), and waist circumference (-7.7cm), no differences were
detected between groups throughout the intervention (Table A-1). However, at the end of the
follow-up period, the large, high-protein/high-carbohydrate breakfast group lost more weight (20.6kg) versus the small, lower-protein/low-carbohydrate breakfast group (-3.5kg, p<0.001).
The large, high-protein/high-carbohydrate group also displayed greater reductions in BMI and
waist circumference during the follow-up period versus the small, lower-protein/lowcarbohydrate breakfast group (data not shown).
In a similar study, Rabinovitz et al. [30] included 59 overweight and obese adults with
type 2 diabetes (age: 60.7±6.4y; BMI: 32.4±3.7kg/m2) and implemented an energy restriction
(~1400kcal/d) for 12-wk. The participants were randomly assigned to either a large, highprotein/high-fat breakfast (430kcal; 42g carbohydrates; 23g protein; 19g fat) or a small, lowerprotein/low-fat breakfast (210kcal; 29g carbohydrates; 8g protein; 7g fat). Weight loss and
changes in body composition (through BIA), BMI, and waist circumference were assessed at
baseline and post-study. No differences in any of these weight indices were observed between
groups (Table A-1).
In summary, there is some, albeit limited, evidence illustrating modest improvements in
weight management following the consumption of increased dietary protein at the breakfast meal
compared to lower protein versions. However, several limitations exist which greatly influence
the study findings and implications. First, none of the studies included within this section of the
review were RCTs, and thus significantly reduces the quality of the research. Second, in several
studies [27, 28], the protein content of the high-protein breakfasts was fairly low (i.e., 12g
protein) and/or the protein differential between the breakfast comparisons was quite small (i.e.,47g protein). In a recent review, approximately 30g of protein (with a differential of ~15g protein
between treatments) has been suggested to elicit effects on indices of weight management [18].
Thus, the reduced protein content included within these studies likely reduced the ability to
identify a protein-effect at breakfast. In addition, habitual breakfast behaviors were not assessed
in any of these studies, which may have influenced the participants’ responses to the study
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breakfast interventions. None of the studies provided the breakfast foods for the participants to
consume throughout the study, making it difficult to accurately assess adherence. Lastly, three
[28, 30, 31] of the four studies did not match key dietary characteristics, including fiber, energy
density, and/or energy content. Thus, additional work involving full-feeding, RCTs are vitally
needed to assess whether the daily consumption of a single dietary strategy, such as increased
protein consumption at breakfast, improves weight management.
Dietary Fiber
The search regarding increased dietary fiber at breakfast on weight outcomes yielded
only one report (Table A-1). Hu et al. [32] completed a 12-wk RCT in 39 overweight adults
(age: 21±5y; BMI: 26±0.5kg/m2) in which breakfast was provided each day of either low-fiber
(375kcal; 3g wheat fiber) or high-fiber (309kcal; 28g soy fiber) biscuits. Changes in body
weight, body composition (through DXA), BMI, and waist circumference were assessed at
baseline and post-study. The high-fiber breakfast group experienced a 2% greater weight loss
over the 12-wk compared to the low-fiber breakfast controls (p<0.05, Table A-1). Further,
although no additional differences were detected between groups, only the high fiber group
displayed greater reductions in BMI, waist circumference, fat mass, and percent body fat
throughout the study (post-pre, all p<0.05). While this is the only published study examining the
long-term effects of fiber consumption at breakfast on weight management, the findings suggest
a potential effect of fiber, specifically soy fiber, to elicit weight loss and improvements in body
composition. Additional RCTs are needed to replicate these data as well as to explore whether
similar findings occur with the incorporation of other types of fiber.
Breakfast Size
Four studies were identified from our search addressing breakfast size and weight
management. All four studies included dietary energy restrictions in overweight/obese adults
and were between 12-16 wk in duration [29-31, 33]. Two of the studies [29, 30] were described
previously since protein content, along with energy content, were manipulated. Of those studies,
only Jakubowicz et al. [29] reported greater weight loss and greater reductions in BMI and waist
circumference following the large breakfasts compared to the small breakfasts; however, these
differences were only detected at the end of the 32-wk follow-up period.
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In a subsequent study [31], 93 overweight/obese women (age: 45.8±7.1y; BMI:
32.4±1.8kg/m2) with metabolic syndrome were assigned to an energy-restricted lowercarbohydrate diet (~1400kcal/d) for 12-wk and were randomized into the high-calorie (700kcal)
or low-calorie (200kcal) breakfast groups. To make the diets isocaloric, the high-calorie
breakfast group was prescribed a lower-calorie dinner (200kcal), whereas the low-calorie
breakfast group was prescribed a higher-calorie dinner (700kcal). Lunch was matched at
500kcal for both groups. The diets were also matched for macronutrient content (32%
carbohydrates; 41% protein; 27% fat). Weight loss and changes in BMI and waist circumference
were assessed at baseline and post-study. The high-calorie breakfast group experienced a 2.5fold greater weight loss versus the small-calorie breakfast group (Table A-1). Additionally, a
greater reduction in BMI and waist circumference were observed following the high vs. lowcalorie breakfast (both, p<0.05; Table A-1).
The last study in this section [33] included a 12-wk energy restriction (-600kcal/d less
than weight maintenance), Mediterranean-style (55% carbohydrates; 15% protein; 30% fat) diet
in 42 overweight/obese women (age: 60.7±6.4y; BMI: 32.4±3.7kg/m2). Unlike the previous
studies, Lombardo et al. [33] assessed distribution of calories throughout the day instead of
simply assessing breakfast per se. In this study, the participants were randomly prescribed a
large morning or small morning distribution pattern. The large morning pattern contained 70%
of daily calories with 25% (~495kcal) at breakfast, 10% at the morning snack, and 35% at lunch,
whereas the small morning pattern contained 55% of daily calories with 15% (~300kcal) at
breakfast, 5% during the morning snack, and 35% at lunch. Changes in body weight, body
composition (through DXA), BMI, and waist circumference were assessed at baseline and poststudy. The large morning pattern led to 20% more weight loss over the 12-wk compared to the
small morning pattern (p<0.03; Table A-1). Furthermore, the large morning pattern led to
greater reductions in BMI, waist circumference, and fat mass compared to the small morning
pattern (all, p<0.05; Table A-1).
Strong evidence is emerging to support the effect of re-distributing calories towards the
morning, particularly including a higher calorie breakfast, for improvement in outcomes of
weight management. However, it is important to note that these studies included parallel designs
(with no control group) and did not tightly control the diet interventions. In addition, only two
studies manipulated macronutrient content (in addition to breakfast size) and demonstrated a
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modest protein effect [29, 30]. Regardless of the limitations, these studies provide a framework
for future clinical trials to explore the timing and distribution of food intake for the prevention
and/or treatment of obesity.
Intervention-based Trials including Daily Food Intake
The regulation of energy intake has been proposed to serve as a mediator of weight
management. Subsequently, numerous studies have explored whether breakfast consumption
reduces body weight through alterations in daily intake. The studies in this section include
assessments of daily energy intake that were either directly measured through ad libitum feeding
or estimated through dietary recalls and/or food records/diaries. Additionally, the majority
(n=19; 83%) of these studies were acute trials in which the intervention occurred over a single
day. A few studies (n=3; [34-37]) included sub-chronic durations between 1-6 weeks and only
one of the studies [30] was > 8 weeks.
Addition of Breakfast
The search yielded 8 studies in which breakfast-skipping was compared to breakfast
consumption, and many of the studies included different types of breakfasts within each study.
As shown in Table A-2, ~21% of the comparisons [34, 35, 38, 39] demonstrated greater daily
intake when consuming breakfast versus skipping breakfast; 5% [36] demonstrated lower daily
intake with breakfast consumption (vs. skipping breakfast); and 74% [34, 40-42] elicited no
differences in daily intake. Although these summary data suggest that the effects of breakfast on
daily intake remain uncertain, there are a few issues that must be considered.
The breakfast characteristics within and between studies may have contributed to the
conflicting findings. For example, Leidy et al. [34] reported an additional +290kcal/d following
a normal-protein breakfast versus skipping breakfast (p<0.003), whereas the high-protein
breakfast did not increase daily intake. These findings are also supported by those studies that
included only normal-protein breakfasts and reported increased daily intake versus skipping
breakfast [35, 38, 39]. However, it is important to note that, while increased protein at breakfast
may not increase daily intake, none of the studies reported a decrease in daily intake with the
high-protein breakfasts—only no differences in intake compared to skipping breakfast [34, 4042]. Based on these data, it is unclear as to whether a single high-protein meal elicits changes in
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daily intake. However, in our recent pilot study, the daily consumption of a high-protein
breakfast led to ~400kcal reduction in daily intake throughout the 12-wk period, whereas the
breakfast-skipping group did not experience this reduction. In fact, those who continued
skipping breakfast increased their daily by ~370kcal [43].
Beyond the breakfast characteristics, habitual breakfast behaviors might also influence
the study findings. Adding breakfast to a diet in those who habitually skip the morning meal is
quite a different experience than removing breakfast from the diet of someone who habitually
eats breakfast. For example, Farshchi et al. [36] exclusively included habitual breakfast
consumers and is the only study to report higher daily intake (~+90kcal, p<0.001) when
breakfast is removed (i.e., skipped) compared to when it is continued to be consumed. However,
in those studies that only included habitual breakfast skippers, the addition of breakfast generally
did not increase daily intake-despite the additional calories consumed [34, 40]. These data
suggest that while incorporating additional calories at the breakfast meal does not increase daily
intake, omitting breakfast from one’s diet may lead to over-eating later in the day.
The last factor that may influence intake data involves the specific modality of assessing
intake. Three of the studies [34, 39, 41] utilized a full-feeding design in which all foods and
beverages were provided and weighed, whereas the remaining studies included dietary food
records and/or recalls. Although dietary records and recalls typically lead to under-reporting of
daily intake, eating behavior is compromised within a full-feeding laboratory setting and can lead
to purposeful reductions in daily food intake [44]. Due to the limitations with collecting viable
intake data, it is challenging to accurately identify a breakfast effect.
Breakfast Composition & Size
The search yielded 9 studies comparing high-protein vs. normal-protein breakfasts; 8
studies comparing high-fiber vs. normal/no-fiber breakfasts; and 2 studies comparing small vs.
large breakfasts (Table A-2).
The protein studies included a fairly large range of protein intakes within the breakfast
meals. Specifically, the normal-protein meals contained between 3–64g protein/meal, whereas
the high-protein meals included 18-186g protein. Although the normal and high-protein meals
were isocaloric within each study, protein sources and types of breakfasts of these meals varied
within and/or between studies. Specifically, a variety of protein sources were included within
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the high-protein breakfasts, including eggs, dairy, beef, and soy. On average, the consumption of
the high-protein breakfasts led to a daily intake of 2440±335kcal, whereas the normal-protein
breakfasts led to a daily intake of 2530±335kcal – a difference of ~90kcal. When summarizing
the study findings, 62% of the comparisons elicited similar daily intake [40-42, 45, 46]; 38%
reported a reduction in daily intake [34, 47-49]; and 0% reported an increase in daily intake with
the consumption of a high-protein vs. normal-protein breakfast (Table A-2).
The fiber studies included a fairly large range of fiber intakes within the breakfast meals.
Specifically, the normal-fiber meals contained between 0–3g fiber/meal, whereas the high-fiber
meals included 2.5-28g fiber. Energy content, source of fiber, and types of breakfasts varied
within and/or between studies. On average, the consumption of the high-fiber breakfasts led to a
daily intake of 2350±210kcal, whereas the normal-fiber breakfasts led to a daily intake of
2460±210kcal – a difference of ~110kcal. When summarizing the study findings, 80% of the
comparisons elicited similar daily intake [37, 46, 50-53]; 20% reported a reduction in daily
intake [54-56]; and 0% reported an increase in daily intake with the consumption of a high-fiber
vs. normal-fiber breakfast (Table A-2).
With respect to the effects of breakfast size, both studies led to similar intake when
comparing the large vs. smaller breakfast meals, averaging 1850±450kcal/d (Table A-2) [30, 42].
In summary, the current evidence is conflicting as to whether breakfast consumption influences
daily intake. Although the discrepant data might be due to the limitations of assessing daily
intake, it is important to note that daily intake was generally lower following the consumption of
breakfast meals high in dietary protein or fiber. Further research including more tightlycontrolled breakfast components throughout randomized controlled, longer-term studies are
required to strengthen these findings.
Summary and Conclusions
Based on the Academy of Nutrition and Dietetics Evidence Analysis criteria [22], there is
limited evidence supporting the addition of breakfast for body weight management and daily
food intake. Regarding the type of breakfast, increasing evidence exists supporting the
consumption of increased protein and fiber at breakfast as well as consuming more energy during
the morning hours. However, the majority of the studies that manipulated breakfast composition
and content did not control for habitual breakfast behaviors nor did they include a breakfast-
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skipping control. Thus, it is unclear as to whether the addition of these types of breakfast meals
impacts weight management.
Future research including large, RCTs of longer-term duration (>6 months) with focus on
key dietary factors are critical to begin to assess whether breakfast recommendations are
appropriate for the prevention and/or treatment of obesity across the lifespan.
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Table A-1: Long-term trials of ≥ 8 weeks investigating the effects of breakfast consumption on indices of body weight and body composition
First author, year of
publication

Type of Trial

Study
Length

Breakfast Characteristics

Study Results*

Breakfast Skipping: No breakfast;
lunch (400 kcal); dinner (800 kcal)
Schlundt DG, 1992
[216]

Randomized
Controlled
Trial

12-wk

Breakfast: Breakfast (400 kcal);
lunch (300 kcal); dinner (500 kcal)
Menus were given as guidelines and
participants were taught to use food
exchanges to plan meals.
Control Breakfast: Habitual
breakfast habit

Rosado JL, 2008
[217]

Randomized
Controlled
Trial

12-wk

Breakfast: 250 kcal; 14g PRO/47g
CHO/ 1g FAT
Prescribed 1 serving of ready-to-eat
cereal with 250 mL skim milk

Breakfast Skipping vs. Breakfast
& Changes in
Weight: -7.7±3.3 vs. -6.1±3.9 kg
P>0.05 (NS)

Control vs. Breakfast &
Changes in
Weight: +1.2 (0.4,2.0) vs. +1.03
(0.3,0.7) kg; P>0.05 (NS)
Percent Fat: +0.4 (-0.5,1.4) vs.
+0.4 (-0.4,1.1) %; P>0.05 (NS)
BMI: +0.01 (-0.4,0.4) vs. +0.1 (0.3,0.4) kg/m2; P>0.05 (NS)

Breakfast Skipping: USDA
pamphlet with instructions not to
consume any calories before 1100h

Dhurandhar EJ, 2014
[218]

Randomized
Controlled
Trial

16-wk

Control: USDA pamphlet with
instructions to maintain habitual
breakfast habit

Weight: -0.66 ± 1.18 kg, -0.62 ±
1.16 kg, -0.68 ± 1.16 kg,
respectively

This was not a tightly
controlled study as the
breakfasts were not provided.
Also, the investigators wanted
to maintain a 2 meal vs. 3 meal
comparison. To do this,
snacking was not permitted and
thus, habitual eating patterns
were altered
This was not a tightly
controlled study as the
breakfasts were not provided in
the Breakfast group nor
documented in the Control
group. Also, the Control group
included habitual breakfast
skippers and consumers.
Lastly, the dropout rate was
fairly high at 31%

This was not a tightly
controlled study as the
breakfasts were not provided or
prescribed.

No main effect of breakfast was
detected (P>0.05, NS)
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Breakfast: USDA pamphlet with
instructions to consume breakfast
before 1000h every day, no specific
restrictions

Breakfast Skipping, Control
Breakfast, Breakfast & Changes
in

Important
Limitations

Breakfast Composition - Protein
High Protein: 386 kcal; 12g
PRO/29g CHO/16g FAT

Wang S, 2014
[219]

Parallel
Design

12-wk

Normal Protein: 386 kcal; 8g
PRO/45g CHO/12g FAT
Both meals contained white rice and
milk. The high protein breakfast
included eggs; the normal protein
included bread.
High Protein: 1 serving of eggs
(i.e., 2 whole eggs)

Rueda JM, 2013
[220]

Parallel
Design

Normal Protein: No eggs
14-wk
Although the eggs/no eggs were
prescribed, the remainder of the
breakfast meals in each group were
otherwise uncontrolled.
High Protein: 600 kcal; 45g
PRO/60g CHO/ 20g FAT

Jakubowicz D, 2013
[221]

Parallel
Design

12-wk

Normal Protein: 300 kcal; 30g
PRO/10g CHO/16g FAT
No recommendations outside of
energy and macronutrient content
were provided.

High Protein: 430 kcal; 23g
PRO/42g CHO/19g FAT
Rabinovitz HR, 2014
[222]

Parallel
Design

12-wk

Normal Protein: 210 kcal; 8g PRO/
29g CHO/ 7g FAT

High Protein vs. Normal Protein
& Changes in
Weight:
-3.9 vs. -0.2 % of Initial body
weight (P<0.001)

High Protein vs. Normal Protein
& Changes in
Weight: No values given, P<0.05
Fat Mass: No values given,
P<0.05

Breakfasts were not provided.
The data is not presented with
standard deviation/error. The
protein differential between
meals was extremely small (i.e.,
4 g) and the HP meal only
contained 12g PRO

Breakfasts were not provided.
The breakfast prescription only
included eggs and thus wasn’t
protein-specific-although the
treatments ended up differing in
protein content of ~10g PRO.

High Protein vs. Normal Protein
&
Changes in
Weight:

-13.6±2.3 vs. -15.3±1.9
kg; P>0.05 (NS)

BMI: -4.8 vs -5.4 kg/m2; P>0.05
(NS)
Waist Circumference: -7.4 vs. 7.9 cm; P>0.05 (NS)
High Protein vs. Normal Protein
&
Changes in
Weight: -2.43±0.46 vs. -1.86 ±
0.4 kg; P>0.05 (NS)

Breakfasts were not provided.
Energy content was also
permitted to vary between
meals as was carbohydrate and
fat content.

Breakfast was not provided
Breakfasts were not provided.
Energy content was also
permitted to vary between
meals as was carbohydrate and
fat content.
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No recommendations outside of
energy and macronutrient content
was provided.

BMI: -0.88 ± 0.17 vs. -0.69 ±
0.15 kg/m2; P>0.05 (NS)
Waist Circumference: -2.65 ±
0.66 vs. -2.2 ± 0.47 cm; P>0.05
(NS)

Breakfast Composition - Fiber
High Fiber vs. Low Fiber &
Changes in
High Fiber: 309 kcal; 27.5 g fiber
15g PRO/ 32g CHO /7g FAT

Hu X, 2013 [223]

Randomized
Controlled
Trial

12-wk

Low Fiber: 375 kcal; 3.2g fiber
12g PRO/ 62g CHO/ 7g FAT
Biscuits were provided each day.
The HF biscuits contained soy fiber,
whereas the LF biscuits did not.

Weight: -0.68±0.32 vs. -1.39 ±
0.36 kg; (P<0.05)
Fat Mass: -0.40+0.14 vs. -0.71
+ 0.29 kg; P>0.05 (NS)

Palatability to the biscuits was
not directly assessed

Waist Circumference: -0.41+0.15
vs. -1.75+0.48 cm; P>0.05 (NS)

Breakfast Size†
High Calorie: 700 kcal; 54g
PRO/84g C
Jakubowicz D, 2012
[224]

Parallel
Design

12-wk

Low Calorie: 200 kcal 35g PRO/5.7
C
No recommendations outside of
energy and macronutrient content
were provided.

Lombardo M, 2014
[119]

Parallel
Design

12-wk

High Calorie: 70% of daily calories
in the morning (25% breakfast;
~495 kcal; 31g PRO/ 56g CHO/ 16g
FAT; 10% Morning Snack; 35%
Lunch; 10% Afternoon Snack; 20%
Dinner)

High Calorie vs. Low Calorie &
Changes in
Weight: -8.7±1.4 vs. -3.6±1.5kg;
P<0.0001
Breakfasts were not provided.
BMI: -3.1 vs. -1.3 kg/m2;
P<0.0001
Waist Circumference: -8.5±1.9
vs. -3.9±1.4cm; P<0.0001
High Calorie vs. Low Calorie &
Changes in

Breakfasts were not provided.

Weight: -8.2±3.0 vs. -6.5±3.4 kg;
P<0.03
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Low Calorie: 55% of daily calories
in the morning (15% breakfast;
~300 kcal; 19g PRO/34g CHO/ 10g
FAT); 5% Morning Snack; 35%
Lunch; 15% Afternoon Snack; 30%
Dinner)
No recommendations outside of
energy and macronutrient content
were provided.

Fat Mass: -6.8±2.1 vs.4.5±2.9kg; P<0.03
BMI: -3.1±0.2 vs. -1.8±0.4 kg/m2
P<0.05
Waist Circumference: -7.0±0.6
vs. -5.0±0.3cm; P<0.05

*Abbreviations Used: NS, non-significant
† Jakubowicz D, 2013 [30] & Rabinovitz HR, 2014 [29]; See article discussed in Breakfast Composition - Protein
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Table A-2: Acute and long-term trials investigating the effects of breakfast consumption on daily energy intake
First author,
year of
publication

Type of Trial

Study Length

Breakfast Characteristics

Daily Food Intake (kcal/d)
Results*

Breakfast-Skipping: 0 kcal; nothing prior to lunch

Leidy HJ,
2013 [11]

Crossover
Design

1-wk acclimation
followed by the
respective 8h testing
day/treatment

Normal Protein: 350 kcal; 13g PRO/57g CHO/8g
FAT
High Protein: 350 kcal; 35g PRO/35g CHO/8g
FAT
All meals provided.
Breakfast Skipping: 0 kcal; nothing prior to 12 pm

Betts J,
2014 [64]

Randomized
Controlled
Trial

6-wk/treatment

Breakfast: ≥700 kcal (Before 11 am; 50% within 2h of waking)
Meals were not provided.
Breakfast-Skipping: 0 kcal; nothing prior to lunch

Leidy HJ,
2010 [23]

Crossover
Design

Normal Protein: 513±26 kcal;18g PRO/95g
CHO/8g FAT

Crossover
Design

High Protein: 512+26 kcal; 49.g PRO/63g CHO/8g
FAT

2-wk acclimation
followed by the
respective 4h testing
day/treatment

Breakfast: 10 kcal/kg body weight
15% PRO/50% CHO/35% FAT
All meals provided.
Breakfast Skipping: 0 kcal

Kral TV,
2011 [178]

Crossover
Design

Breakfast Skipping vs. Normal Protein:
2002±111 vs. 2123±71 kcal; P>0.05
(NS)

Breakfast Skipping vs. Breakfast:
2191±494 vs. 2730±573 kcal; P<0.0007

Breakfast Skipping vs. Normal Protein:
2259±280 vs. 2530±212 kcal; P>0.05
(NS)

1 day/treatment

All meals provided.
Breakfast Skipping: 0 kcal
Farshchi
HR, 2005
[192]

Breakfast Skipping vs. Normal Protein:
2002±111 vs. 2292±115 kcal; P<0.003

1, 4-h testing
day/treatment

Breakfast Skipping vs. Breakfast:
1756±155 vs. 1665±141 kcal; P=0.001
(P=0.001)

Breakfast Skipping vs. Breakfast:
1830 vs. 2191 kcal; P<0.05
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Breakfast Cereals: 350 kcal; 11g PRO/69g CHO/4g
FAT

Breakfast Skipping vs. High Protein:
2259±280 vs. 2505±284 kcal; P>0.05
(NS)

All breakfast meals provided.
Breakfast Skipping: 0 kcal
Levitsky
DA, 2013
[225]

Crossover
Design

1 day/treatment

Breakfast: Ad libitum; Total offered: 218 kcal

Breakfast Skipping vs. Breakfast:
400 fewer kcal consumed when
Breakfast Skipping vs. Breakfast;
P<0.01

All foods were provided

Breakfast Skipping: 0 kcal
Irvine P,
2004 [198]

Crossover
Design

1 day/treatment

Breakfast Skipping vs. Normal Protein:
1488±385 vs. 1663±331 kcal, P>0.05
(NS)

Normal Protein: 250 kcal; 4g PRO/39g CHO/9g
FAT
High Protein: 250 kcal; 20g PRO/39g CHO/2g FAT
All meals provided.

Breakfast Skipping vs. High Protein:
1488±385 vs. 1672±368 kcal; P>0.05
(NS)

Breakfast Skipping: 8 kcal

De Graaf C,
1992 [193]

Crossover
Design

1 day/treatment

Breakfasts: High Energy (400 kcal); Medium
Energy (250 kcal); Low Energy (100 kcal) & High
Protein
(70%); High Carbohydrate (99%); & High Fat
(92%)

Breakfast Skipping vs. Breakfasts
All comparisons, P>0.05 (NS)
Numerical data not expressed.

All breakfast meals provided.
Breakfast Composition - Protein†
High Carbohydrate: 1237 kcal; 57g PRO/188g
CHO/29g FAT
Stubbs RJ,
1996 [226]

Randomized
Controlled
Trial

1, 24-h testing
day/treatment

High Fat: 1251 kcal; 64g PRO/70g CHO/79g FAT
High Protein: 1263 kcal; 186g PRO/69g CHO/27g
FAT

High Fat vs. High Protein: 3867±160
vs. 4022±160 kcal; P>0.05 (NS)
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All meals provided.

High Carbohydrate vs. High Protein
4006±160 vs. 4022±160 kcal, P>0.05
(NS)

Karhunen
LJ, 2010
[227]

Normal Protein: 300 kcal; 3g PRO/33g CHO/14g
FAT
Crossover
Design

1 day/treatment

High Protein: 300 kcal; 20g PRO/23g CHO/13g
FAT
All breakfast meals provided.
Normal Protein-Cereal: 330 kcal; 9g PRO/53g
CHO/10g FAT

Fallaize R,
2013 [228]

Crossover
Design

1 day/treatment

Normal Protein-Croissant: 330 kcal; 5g PRO/38g
CHO/18g FAT
High Protein: 330 kcal; 18g PRO/18g CHO/21g
FAT

Normal Protein vs. High Protein:
P>0.05 (NS)
Numerical data not expressed.

Normal Protein Versions vs. High
Protein:
Greater intake vs. High Protein;
P<0.007
Numerical data not expressed.

All meals provided.
Normal Protein: 344±11 kcal; 14g PRO/48g
CHO/11g FAT
Vander Wal
JS, 2005
[229]

Crossover
Design

1.5 days/treatment

High Protein: 353±2 kcal; 18g PRO/33g CHO/17g
FAT

Normal Protein vs. High Protein:
2048±487 vs. 1784±427 kcal; P<0.05

All breakfast meals provided.
Normal Protein: 396 kcal; 16g PRO/71g CHO/5g
FAT
Ratliff J,
2010 [230]

Crossover
Design

1 day/treatment

High Protein: 396 kcal; 22g PRO/22g CHO/24g
FAT

Normal Protein vs. High Protein:
2229±528 vs. 1826±603 kcal; P<0.05

All breakfast meals provided.
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Breakfast Composition - Fiber

Archer BJ,
2004 [231]

Crossover
Design

1 day/treatment

No Fiber: 427 kcal; 27g PRO/34g CHO/21g FAT;
0g fiber

No Fiber vs. High Fiber-Inulin:
Greater intake vs. High Fiber-Inulin;
P<0.05

High Fiber-Inulin: 362 kcal; 27g PRO/34g
CHO/13g FAT; 24g fiber

Numerical data not expressed.

High Fiber-Lupin: 360 kcal; 28g PRO/34g
CHO/13g FAT; 24g fiber

No Fiber vs. High Fiber-Lupin:
Greater intake vs. High Fiber-Lupin;
P<0.05

All breakfast meals provided.

Numerical data not expressed.

No Fiber: 92 kcal; 2g PRO/21g CHO/1g FAT; 0g
fiber
Low Fiber: 537 kcal; 16g PRO/95g CHO/11g FAT;
1g insoluble & 2.2g soluble fiber
Delargy HJ,
1997 [232]

Crossover
Design

1 day/treatment

High Fiber-Insoluble: 537 kcal; 23g PRO/84g
CHO/13g FAT; 18g insoluble fiber & 3.8g Soluble
fiber
High Fiber-Soluble: 537 kcal; 16g PRO/96g
CHO/11g FAT; 4.2g insoluble fiber & 17.5g
soluble fiber

No Fiber: 3355±698 kcal
Low Fiber: 3389±542 kcal
High Fiber-Insoluble: 3548±557 kcal
High Fiber-Soluble: 3535±570 kcal
No main effect of fiber was detected
(P>0.05, NS)

All meals provided.
Low Fiber: 299 kcal; 4g PRO/57g CHO/4g FAT;
1.5g insoluble fiber

Juvonen
KR, 2011
[233]

Crossover
Design

High Fiber-Wheat Bran: 299 kcal; 6g PRO/54g
CHO/4g FAT; 10.3g insoluble fiber
1 day/treatment
High Fiber-Oat Bran: 299 kcal; 8g PRO/53g
CHO/4g FAT; 5.5g insoluble fiber & 5.1g soluble
fiber

Low Fiber Versions vs. High Fiber
Versions:
All comparisons, P>0.05 (NS)
Numerical data not expressed.

High Fiber-Wheat and Oat Breakfast: 299 kcal; 7g
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PRO/57g CHO/4g FAT; 7.6g insoluble fiber & 2.5g
soluble fiber
All breakfast meals provided.
Low Fiber: 591 kcal; 10g PRO/105g CHO/13g
FAT; 2.8g wheat fiber
High Fiber-Corn: 617 kcal; 10g PRO/104g CHO/
13g FAT; 27.8g corn fiber

Klosterbuer
AS, 2012
[234]

Crossover
Design

High Fiber-Corn & Pullalan: 641 kcal; 10g
PRO/104g CHO/13g FAT; 27.8g corn and pullalan
fiber
1 day/treatment
High Fiber-Resistant Starch: 589 kcal; 10g
PRO/106g CHO/13g FAT; 27.2g resistant starch
fiber

Low Fiber Versions vs. High Fiber
Versions:
All comparisons, P>0.05 (NS)
Numerical data not expressed.

High Fiber-Resistant Starch & Pullalan: 568 kcal;
10g PRO/106g CHO/13g FAT; 27.2g resistant
starch and pullalan fiber
All breakfast meals provided.
Low Fiber: 207 kcal; 5g PRO/39g CHO/4g FAT;
0.62g wheat fiber
Mattes RD,
2007 [235]

Crossover
Design

5 days/treatment

High Fiber-Alginate/Guar Gum: 196 kcal; 6g
PRO/38g CHO/4g FAT; 4.49g guar fiber

Low Fiber vs. High Fiber:
P>0.05 (NS)
Numerical data not expressed.

All breakfast meals provided.
Low Fiber: 502 kcal; 11g PRO/74g CHO/20g FAT;
<1g fiber
Willis HJ,
2010 [236]

Crossover
Design

All comparisons, P>0.05 (NS)
1 day/treatment

4g Fiber: 488 kcal; 12g PRO/81g CHO/13g FAT;
5.7g fiber

Numerical data not expressed.

8g Fiber: 493 kcal; 12g PRO/89g CHO/10 g FAT;
8.9g fiber
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12g Fiber: 544 kcal; 13g PRO/93g CHO/13g FAT;
12.8g fiber
All breakfast meals provided.
Low Fiber: 456 kcal; 17g PRO/74g CHO/11g Fat;
0.7g fiber
Yannakoulia
M, 2014
[237]

Crossover
Design

1 day/treatment

High Fiber: 465 kcal; 18g PRO/73g CHO/11g Fat;
14.9g fiber

Low Fiber vs. High Fiber:
3359±669 vs. 2989±602 kcal; P<0.005

All breakfast meals provided.

No Fiber: 149 kcal/250 mL; 0g PRO/37g CHO/0g
FAT; 0g fiber
High Fiber-β-glucan: 148 kcal/250 mL; 0 g
PRO/34g CHO/0g FAT; 3g -β-glucan fiber
Lumaga RB,
2012 [238]

Crossover
Design

1 day/treatment

High Fiber-Pectin: 149 kcal/250 mL; 1g PRO/34g
CHO/0g FAT; 2.5g pectin fiber

No Fiber vs. High Fiber Versions:
Greater intake vs. High Fiber Versions;
P<0.05
Numerical data not expressed.

All treatments were part of an isocaloric breakfast:
~536.3 kcal; all breakfasts were provided.

Low Fiber-White Bread: 300 kcal; 9g PRO/52g
CHO/6 g FAT; 3.4g fiber

Karhunen
LJ, 2010
[227]

Crossover
Design

Low Fiber-Low Protein: 300 kcal; 3g PRO/33g
CHO/14g FAT; 7.6g fiber
1 day/treatment
Low Fiber-High Protein: 300 kcal; 20g PRO/23g
CHO/13g FAT; 6.2g fiber
High Fiber-Low Protein: 300 kcal; 3g PRO/32g
CHO/16g FAT; 27.3g fiber

Low Fiber Versions vs. High Fiber
Versions:
All comparisons, P>0.05 (NS)
Numerical data not expressed.
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High Fiber-High Protein: 300 kcal; 18g PRO/21g
CHO/14g FAT; 25.8g fiber
All breakfast meals provided.
Breakfast Composition - Size‡
High Calorie: 430 kcal; 23g PRO/42g CHO/19g
FAT
Rabinovitz
HR, 2014
[222]

Parallel
Design

12-wk

Low Calorie: 210 kcal; 8g PRO/ 29g CHO/ 7g
FAT

Low Calorie vs. High Calorie:
P>0.05 (NS)
Numerical data not expressed.

No recommendations outside of energy and
macronutrient content was provided.
*Abbreviations Used: NS, non-significant
†Leidy H, 2010 [X]; Irvine P, 2004 [41]; Leidy HJ, 2013 [34]; De Graaf C, 1992 [42]; See article discussed in previous section
‡De Graaf C, 1992 [42]; See article discussed in Breakfast Composition-Protein section
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Number of citations (n=1180)

Dup licate c itations removed (n=764)

Abstracts retrieved & screened (n=413)

Non-breakfast articles removed (n=221)

Abstracts retrieved & screened (n=192)

Stud ies excluded against inc/ex criteria (n=19)
Epidem iological & cross-sectional stud ies excluded (n=151)
Review articles excluded (n=12)

Total number included in review (n=10)
Protein
Addition of Breakfast (n=3)

Breakfast Type (n=7)

Fiber
Size (Energy)

Figure A-1: Flow diagram of the selection process for the articles containing breakfast
interventions and weight outcomes
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Number of citations (n=1011)

Duplicate citations removed (n=471)

Abstracts retrieved & screened (n=540)

Non-breakfast articles removed (n=423)

Abstracts retrieved & screened (n=117)

Studies excluded against inc/ex criteria (n=22)
Epidemiological & cross-sectional studies excluded (n=55)
Studies failing to include outcome data (n=13)

Total number included in review (n=27)
Protein
Addition of Breakfast (n=8)

Breakfast Type (n=19)

Fiber
Size (Energy)

Figure A-2: Flow diagram of the selection process for the articles containing breakfast
interventions and daily energy intake

